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Abstract 
 
             In this study, estimation of the coefficient of consolidation in the horizontal 
direction (ch) from piezocone dissipation test results has been investigated. Since the 
dissipation curve is a function of cone penetration induced excess pore pressure 
distribution around a cone, the radial distribution of excess pore water pressure generated 
during cone penetration process have been investigated first by laboratory model test and 
theoretical analysis. Then the method for estimating ch value has been studied through 
dissipation analysis and the test results in the laboratory and the field. 
            Totally ten (10) model tests on piezocone penetration and dissipation were 
conducted using two types of soil and over consolidation ratio (OCR) of 1 to 8. One type 
of soil is Ariake clay and other is Ariake clay and sand mixture (mixed soil). Two types of 
piezocone were used in the laboratory tests. One piezocone has a diameter of 30 mm with a 
cone tip angle of 60
0
. Another type has a diameter of 20 mm with a cone tip angle of 60
0
. 
The filter element for pore water pressure measurement was installed on the shoulder of 
the cone (u2). The penetration rate adopted was 25 mm/min. The laboratory model ground 
was prepared in a cylindrical container (chamber) made of PVC and it has an inner 
diameter of 0.485 m and a height of 1.0 m. Three (3) to seven (7) piezometers were placed 
in the model ground in the chamber to measure the cone penetration induced excess pore 
water pressures around the cone and their dissipation process. A pre-determined air 
pressure (50 – 200 kPa) was applied to pre-consolidate the model ground.  Once the degree 
of pre-consolidation was more than 90%, the air-pressure was adjusted to result in a 
specimen with the desired value of OCR. After pre-consolidation, the thickness of the 
model ground was about 0.60 m to 0.64 m. The piezocone was penetrated into the middle 
depth of the model ground and then the cone was halted for dissipation test. 
             Based on the laboratory measured excess pore pressure distribution, a semi-
theoretical method has been proposed for predicting the cone penetration induced u 
distribution in radial direction. The method considers the effect of total mean stress and 
shear stress increments as well as partial unloading effect when a soil element moves from 
the face to the shoulder of the cone. The prediction compares reasonably well with the 
measurement. All measured dissipation curves are non-standard, i.e., u2 increased initially 
and then dissipated with time. The time (tumax) for u2 to reach its maximum value (umax) for 
the cases using the mixed soil are higher than that of the Ariake clay, which implies that 
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the mixed soil had stronger dilatancy behavior. The mixed soil has a higher coefficient of 
consolidation, and shorter dissipation time than that of the case using the Ariake clay.  
             From laboratory dissipation test analysis, it is recommended that for standard 
dissipation curve (monotonous reduction of  u2 during dissipation process), using Teh and 
Houlsby’s (1991) method, and for non-standard curve, using Chai et al.’s (2012a) method 
to estimate coefficient of consolidation (ch) of a ground in the horizontal direction. For 
Ariake clay, the values of ch are within a range of about 1.3 to 4.0 times the corresponding 
coefficient of consolidation (cv) in the vertical direction from oedometer test result, and the 
best fitted relationships is ch 2cv. For clayey soil due to the platelet shape of the soil 
particles, for a natural deposit usually there is some kind of anisotropic consolidation 
behavior, i.e., ch > cv. For natural undisturbed Ariake clay sample ch / cv 1.6 (Chai et. al. 
2012b). Therefore ch 2cv is reasonable. For laboratory model test using the mixed soil, the 
estimated values of ch are very close to the values of cv. 
             The established methods are used to estimate ch values from field cases. Totally 12 
cases have been considered, two (2) in Saga, Japan, six (6) in China and other four (4) in 
USA, UK, Italy and Canada. The values of ch/cv ratios varied from about 2 to about100. 
The cases in Saga, Japan have a lower ch/cv ratio of about 2, and the cases in China have 
relative higher, ch/cv ratios, which implies that the soil deposits in China may have a 
stronger anisotropic consolidation behavior. 
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CHAPTER ONE 
 INTRODUCTION   
 
 
1.1 Background 
 
    The piezocone penetration test (uCPT) is widely used as an economic and efficient 
site investigation technique (e.g., Campanella & Robertson 1988, Lunne et al. 1997, Liu, et 
al. 2008, Mitchell & Brandon, 1998). The main advantages of uCPT are its simplicity, 
repeatability, and speedity. uCPT provides near continuous measurements of tip resistance 
(qt), sleeve friction (fs), and pore water pressure (u) at the shoulder (standard) of the cone. 
Furthermore, the cone can be halted at pre-determined locations, and the dissipation 
process of the u value can be observed. From the results of the piezocone penetration and 
dissipation tests, the soil profile and other engineering properties of the sub-soil, such as 
undrained shear strength (su) of clayey deposits can be estimated (e.g., Campanela & 
Robertson et al. 1988, Arulrajah et al. 2005). In recent years, these are also attempts to 
determine in situ hydraulic conductivity (kh) (e.g., Baligh and Levadoux 1980, Gupta & 
Davidson, 1986, Konrad & Law, 1987, Song and Pulijala 2010, Robertson 2010, Chai et al. 
2011, Wang et al. 2013) and coefficient of consolidation (ch) of the sub-soils in the 
horizontal direction (e.g., Teh and Houlsby 1991, Arulrajah, et al. 2007, Chai et al. 2012a) 
from UCPT results. 
    To evaluate the coefficient of consolidation (ch) of the soil from the piezocone 
dissipation test result, generally the theoretical results of radial consolidation are used 
(Baligh & Levadoux, 1986; Teh & Houlsby, 1991; Robertson et al., 1992; Sully et al, 
1999; Chai et al, 2004; Robertson, 2010). Most methods for evaluating the coefficient of 
consolidation in horizontal direction (ch) from piezocone dissipation test results are based 
on the assumption that during dissipation process, the measured pore water pressure 
reduces monotonically which is designated as the “standard” curve. However, for heavily 
overconsolidated deposits when the dissipation starts, there is an increase of measured pore 
water pressure initially, and then dissipated (reduces) (Lunne et al., 1986; Battaglio et al., 
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1986; Sully et al., 1999; Burns & Mayne, 1998) which is designated as “non-standard” 
curve. There is no widely accepted method for “non-standard” dissipation curve. 
 The dissipation curve is a function of cone penetration induced excess pore water 
pressure distribution around a cone  (Baligh and Levadoux 1986, Chai et al. 2012a). It is 
generally accepted that, excess pore pressure  generated (u), during a cone penetration 
process, consists two parts, i.e., due to the change of mean stress (Δup); and due to the 
change of shear stress (Δus) (e.g., Burns and Mayne 1998, Kim et al. 2008, Randolph et al. 
1979). Further Chai et al. (2012a) pointed out that in case the filter for pore water pressure 
measurement is located on the shoulder of the cone, when a soil element moves from the 
face to the shoulder of the cone, certain unloaing will occur and it will influence the 
measured u value also. 
 
 
1.2 Objectives and Scopes 
 
         In a field soil investigation, borehole works are very costly and it is very difficult to 
obtain high quality undisturbed samples. These problems can be minimized if the design 
parameters can be estimated from uCPT tests. This study is focused on estimating 
coefficient of consolidation in the horizontal direction (ch) from piezocone dissipation test 
results. The main objectives of this study as the following: 
 
 To propose a semi-theoretical method to predict the cone penetration induced 
excess pore pressure (u) distribution in the radial direction of the cone. The 
predicted values are compared with that of the laboratory measured values. With 
the predicted initial u distribution, conducting dissipation analysis, and 
investigating the mechanism of “non-standard” dissipation curves. 
 To evaluate the suitable method for determining the horizontal coefficient of 
consolidation (ch) from laboratory model test results of piezocone dissipation. The 
estimated ch values from laboratory model test of using established methods are 
compared with that the values from laboratory oedometer test results of cv and ch (cv 
is the coefficient of consolidation in the vertical direction). 
 Apply the estimated methods for evaluating ch to field cases, and check its 
applicability. Totally 12 field cases are considered. They are  two (2) sites in Saga, 
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Japan, six (6) sites in Jiangsu, China, and four (4) other sites in USA, UK, Italy and 
Canada.  
     
1.3  Organization of the dissertation 
  
          This dissertation is divided into seven chapters. First chapter gives a basic 
introduction to the research background, objectives and the scope of the research. Fig 1.1 
shows the flow chart of this dissertation.  
 Chapter 2 presents a literature review regarding to various existing prediction 
methods that have been used to determine the horizontal coefficient of consolidation (ch) 
from piezocone dissipation test results, and to evaluate horizontal coefficient of 
permeability (kh) from uCPT tests. 
 Chapter 3 describes the laboratory set-up of piezocone penetration and dissipation 
test, the materials used for conducting the tests, cases tested and the test results on initial 
pore pressure distribution and dissipation.  
  Chapter 4 presents the proposed method to predict the radial distribution of excess 
pore water pressure (u) generated during cone penetration process and the method to 
simulate the dissipation of u. The comparison of measured and simulation results are also 
presented in this chapter.  
  Chapter 5 evaluates the reliable methods for determining horizontal coefficient of 
consolidation (ch) from dissipation curves using laboratory model test results. In this 
chapter, the estimated ch values are compared with the corresponding values of coefficient 
of consolidation in the vertical direction (cv) from laboratory oedometer test results, and 
limited ch value from constant rate of strain consolidation tests. 
 Chapter 6 applys the established methods for evaluating coefficient of 
consolidation in horizontal direction (ch) and the existing methods for estimating the 
hydraulic conductivity in the horizontal direction (kh) to several field cases. The estimated 
ch and kh values are compared with the laboratory cv and kv values and their relationships 
are discussed. 
            Finally, the conclusions drawn from this study and recommendations for future 
works are given in Chapter 7. 
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CHAPTER TWO 
LITERATURE REVIEW 
 
 
2.1 Introduction 
 
      Piezocone Penetration Test (uCPT) is used as an economic, efficient site 
investigation technique in geotechnical engineering (e.g., Campanella & Robertson 1988, 
Lunne et al. 1997, Mitchell & Brandon 1998, Liu et al. 2008). uCPT provides near 
continuous measurements of tip resistance (qt), sleeve friction (fs) and pore water pressure 
(u) at the shoulder, or face, or shaft of the cone (Fig. 2.1). However, the shoulder position 
is now considered to be the standard location (e.g., Lunne et al. 1997, Burns and Mayne 
1998). Furthermore during cone penetration process, the cone can be halted at pre-
determined locations, to measure the dissipation process of the u. From the results of the 
piezocone penetration and dissipation tests, the soil profile and other engineering 
properties of the sub-soil, such as undrained shear strength (su) of clayey deposits (e.g., 
Campanela and Robertson 1988, Arulrajah et al. 2005), in situ hydraulic conductivity (kh) 
(e.g., Baligh and Levadoux 1980, Song and Pulijala 2010, Robertson 2010, Chai et al. 
2011, Wang et al. 2013) and coefficient of consolidation (ch) of the sub-soils in the 
horizontal direction (e.g., Teh and Houlsby 1991, Arulrajah, et al. 2007, Sully et al. 1999, 
Chai et al. 2012a) can be estimated.  
Penetrating a piezocone in-to the ground causes increase of total stress and large 
shear strains in the surrounding soil. In most soil, except heavily over-consolidated clayey 
soils or dense sand, the resulting excess pore pressures all around the piezocone are 
positive and as they subsequently dissipate, consolidation occurs. In this chapter, firstly the 
methods for predicting the cone penetration induced excess pore water pressure 
distribution around the cone is reviewed. Then, the existing methods of predicting 
coefficient of consolidation (ch) from standard (monotonic reduction of measured u) and 
non-standard (initially u increased and then dissipation (reduced)) piezocone dissipation 
curves are described.  
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Fig. 2.1 Location of pore pressure elements  
 
 
2.2 Measurements from  Piezocone Test 
 
        Tip resistance (qt), sleeve friction (fs) and pore water pressure (u) are measured from  
uCPT tests. As an example piezocone penetration test results at Saga site (TB site) are 
shown in Fig.2.2. 
 
Fig. 2.2 Piezocone penetration test results at Saga site (TB site) 
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(a) Tip resistance (qt) 
 
      Since the water pressures can act in inside of the shoulder filter element (Fig. 2.3),  the 
directly measured tip resistance (qc) does not represent true total resistance of soil. 
Therefore, qc needs to be corrected to get true total tip resistance from the soil using the 
following equation (Baligh et al. 1981, Campanella et al. 1982)  
 
                            1 .t cq q A u                                                                 (2.1) 
 
where qt = corrected total tip resistance,  u = measured pore pressure at the shoulder of the 
cone, A = net area ratio = AN/AT , AT is total cross-sectional area of the cone (Fig. 2.3) and 
AN is  the effective area of the cone. Net area ratio normally ranges from 0.90 to 0.60. 
 
Fig. 2.3 Total and effective stress area of cone 
 
(b) Normalized tip resistance (Qt), sleeve friction (Fr) and pore pressure ratio (Bq) 
 
         Worth (1984) suggested that, to compensate for the effects of increasing overburden 
pressure with depth, the CPT data should be presented in terms of normalized cone 
resistance, Qt, normalized friction ratio, Fr , and the pore pressure ratio, Bq . The 
expressions for Qt, Fr , and Bq are as follows:  
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where v0 and ’v0 are respectively the total and effective overburden pressure, ’v0 = v0 – 
u0,  and u0 is the equilibrium hydrostatic pore water pressure. u = u2 – u0,  u2 is the total 
pore water pressure measured at cone shoulder. 
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(a) Normal to lightly overconsolidated clay (Jacobs and Coutts 1992) 
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(b) Heavily overconsolidated clay (Chen and Mayne 1994) 
Fig. 2.4 Pore water pressure dissipation curves  
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(c) Dissipation curves 
 
           When cone penetration is halted, the induced excess pore pressure will dissipate. 
The recorded pore pressure variation during dissipation process is referred as “dissipation 
curve”. There are two types of dissipation curve. One is called standard curve, in which the 
measured pore-water pressure monotonically decreasing with time. This type of behavior is 
observed in normally to lightly overconsolidated clays (Burns and Mayne 1998). Fig. 2.4 
(a) shows examples of this kind of response for both u1 and u2 measurements in soft 
Bothkennar clay, Scotland (Jacobs and Coutts 1992). 
            For heavily over consolidated clays, using a cone with the filter element located at 
the cone shoulder (u2) or behind the friction sleeve (u3), the measured pore pressure 
distribution first increasing in magnitude, and then decreasing with time to hydrostatic 
values, which is designated as “non-standard dissipation” curve. Fig. 2.4 (b) shows the 
dissipation curves of heavily overconsolidated clay in Baton Rouge, Louisiana (Chen and 
Mayne 1994).  
 
 
Fig. 2.5 Dissipation tests at Barra da Tijuca soft clay deposit in Rio de Janeiro, Brazil  
(Data from Mantaras et al. 2014) 
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        Mantaras et al. (2014) observed two (2) case studies, the Barra da Tijuca soft clay 
deposit in Rio de Janeiro, Brazil and the Bauxite tailings in Northern Brazil. In these two 
sites for normal consolidated clay, the dissipation curves show standard (the measured 
pore-water pressure monotonically decreasing with time) and slightly non-standard 
dissipation curves i.e., the measured pore pressure distribution first increasing in 
magnitude, and then decreasing with time to hydrostatic values (Figs. 2.5 and 2.6 ). 
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Fig. 2.6 Dissipation tests at Bauxite tailings in Northern Brazil 
(Data from Mantaras et al. 2014) 
 
2.3 Cone Penetration Induced Pore Pressure Distribution 
 
       The dissipation curve is a function of cone penetration induced excess pore water 
pressure distribution around a cone  (Baligh and Levadoux 1986, Chai et al. 2012a).  
 
2.3.1 Initial Pore Pressure Distribution 
 
During a cone penetration process, values of excess pore water pressure generated 
around the cone consists two parts: (1) the change of mean stress (Δup); and (2) the change 
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of shear stress (Δus) (e.g., Burns and Mayne 1998, Kim et al. 2008, Randolph et al. 1979).  
For a normally consolidated clayey soil or loose sand, Δus is normally positive, while for a 
heavily over-consolidated clayey soil or dense sand, Δus may be negative. Hence u can be 
expression as: 
                                                
p su u u                                                           (2.5) 
 
Using an elastic-perfectly plastic soil model and based on undrained cylindrical 
cavity expansion theory, the excess pore water pressure due to the change of mean stress 
(Δup) can be expressed as follows (Vesic 1972): 
                                           
                                                                  (2.6) 
 
where su = the undrained shear strength of the soil; r0 = the radius of the cylindrical cavity 
(cone); r = radial distance; R = r0 Ir is the outer radius of the annular plastic zone 
surrounding the cylindrical cavity and Ir = G/su is the rigidity index of soil, with G = the 
shear modulus of the soil. 
For the magnitude of shear-induced excess pore water pressure, Δus, several 
researchers (e.g., Kim et al. 2008, Randolph et al. 1979) attempted to use Modified Cam 
Clay (MCC) model (Roscoe and Burland 1968) to predict the magnitude of Δus.  Randolph 
et al. (1979) proposed the following equation to calculate the value of Δus. 
 
                                                            
''
fis ppu                                                         (2.7) 
 
where p i and p f = the values of mean effective stresses at the initial and failure states, 
respectively.  Using the MCC model and considering an undrained compression stress path, 
p f  can be predicted as follows: 
 
                                                  )(
2 2
22'
' OCR
M
Mp
p iif                                        (2.8) 
 
where Λ = 1 – κ/λ, while κ and λ are the slopes of unloading-reloading and virgin loading 
curves in an e- ln(p ) plot (e is void ratio and p  is mean effective stress); ηi = qi/p i (qi is the 
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initial deviator stress); and M = the slope of critical state line in p  – q plot.  For triaxial 
compression, M is related to the effective friction angle of soil ( ′) as follows: 
 
'sin3
'sin6
M                                                          (2.9) 
 
The value of the undrained shear strength, su, can also be predicted from knowledge 
of the value of p f.  Conversely, if the value of su is known, p f can be estimated, and their 
relationships are as follows: 
2
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Fig. 2.7 Illustration of different effective stress paths (Chai et al. 2014) 
 
It can be observed from Eq. (2.7) that the component (p i – p f ) does not change with 
radial distance, and for this reason Randolph et al. (1979) proposed that the pore pressure 
contribution expressed by Eq. (2.7) should be added to the value of u generated throughout 
the plastic zone.  It is noted that first yielding and material failure coincide in an elastic-
perfectly plastic model.  But with a strain hardening elasto-plastic model, like MCC, 
yielding does not necessarily coincide with material failure.  As illustrated in Fig. 2.7 (Chai 
et al. 2014), if a deviator stress qif is considered, Points B and C would be considered to be 
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at failure according to an elastic-perfectly plastic model.  However, according to the MCC 
model Points B and C have not yet failed, although at each of these points the soil is 
yielding plastically.  Path YBA can be considered as an effective stress path for undrained 
compression.  Path YC may occur due to internal pore water movement even if the 
boundary conditions of the soil sample allow no flow, i.e., undrained conditions overall for 
the soil body.  Therefore within the plastic zone predicted by an elastic-perfectly plastic 
model, shear stress-induced excess pore water pressure may vary with radial distance. 
         Based on the results of laboratory model test, Kim et al. (2008) assumed that the 
shear stress induced excess pore water pressure mainly occurs in a shear zone with a radius, 
rs = (1.5 to 2.2) r0 < R.  They further assumed that the shear induced excess pore water 
pressure has a maximum value at r = r0, and linearly reduces to zero at r = rs.  Chai et al. 
(2012a) conducted numerical simulations of piezocone penetration and the results indicate 
that a zone within which the excess pore water pressure is significantly influenced by the 
shear deformation is about 10 to 15 mm thick from the surface of the cone, which is 
comparable with that proposed by Burns and Mayne (1998) of about 10 mm.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
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Fig. 2.8 Strain distributions around a 60º cone (after Teh  and Houlsby 1991)  
 
          Chai et al. 2004 observed the actual mechanism of non-standard dissipation curves. 
Fig. 2.8 shows the results of strain path analysis by Teh and Houlsby (1991). In Fig. 2.8, 
point A is just below the shoulder and point B is just above the shoulder (at which the filter 
element is located). With the process of penetration, the soil at point A will move to point 
B. From A to B, the radial strain ( rr ) does not change much (perhaps about 50%), but the 
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strain in the vertical direction ( zz ) changes sign from compression (negative number) to 
tension due to certain stress release in vertical direction, i.e., partial unloading effect. For 
soil elements away from the cone and at the level of the shoulder, the vertical strain is also 
tensile but the magnitude reduces rapidly with distance from the cone. This deformation 
pattern is likely to result in a lower excess pore pressure at the shoulder than in the soil 
more remote from the shoulder. Chai et al. 2004 observed that share-induced dilatancy in 
heavily over-consolidated clays or sandy soils and the unloading effect are probably the 
main reasons these non-standard dissipation curves (Fig. 2.9)  
 
Fig. 2.9 Effect of dilatancy and unloading on pore pressure distribution  
(Chai et al. 2004)  
 
Fig.2.10 Assumed initial excess pore pressure distribution 
B 
A 
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Based on the numerical analysis Chai et al. (2012a) assumed that the initial 
distribution of u is as illustrated in Fig. 2.10. In the figure line  is the initial excess pore 
pressure induced by undrained cylindrical cavity expansion, line  is the excess pore 
pressure distribution for a soil experiencing shear-induced dilatancy and/or unloading 
effects.  
 
(a) Initial excess pore pressure distribution 
 
(b) Dissipation curves 
 
Fig. 2.11 Effect of initial excess pore pressure distribution on dissipation 
(Chai et al. 2012a) 
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2.3.2 Effect of initial excess pore pressure distribution 
 
       Chai et al. (2012a) conducted uncoupled dissipation analyses and found that the initial 
excess pore pressure distribution has a significant effect on the dissipation process (Fig. 
2.11). As shown in Fig. 2.11, the time for dissipation of 50% of the maximum excess pore 
pressure (t50) is longer for distribution  than it is for .  
 
     2.4 Existing Methods for Estimating Coefficient of Consolidation from Dissipation           
Curve 
 
      For a standard piezocone with filter element for pore water pressure measurement at 
the shoulder of the cone (u2 type), there are two types of dissipation curves observed from 
the field piezocone dissipation tests. One type shows monotonic decreasing of measured 
pore water pressure (u2) with elapsed time and it is designated as “standard” curve, as 
illustrared in Fig. 2. 12 (Baligh & Levadoux 1986, Teh and Houlsby 1991). Generally this 
type of the curves occurs in normal or lightly over-consolidated clay deposits. Another 
type is that when dissipation test started, u2 first increasing from an initial value to a 
maximum, and then decreasing to a hydrostatic value, which is referred as “non-standard” 
curve in Fig. 2.13 (Burns and Mayne 1998, Sully et al. 1999, Chai et al. 2012a). This type 
of curves often occurs in heavily over-consolidated clay deposit or dense sand deposit.  
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Fig. 2.12 “Standard” dissipation curve 
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Fig. 2.13 “Non-standard” dissipation curve (Chai et al. 2012a) 
 
2.4.1 Standard dissipation curves 
 
        The methods of evaluating the coefficient of consolidation in horizontal direction (ch) 
from “standard” dissipation curve have been proposed by Torstensson (1977), Baligh & 
Levadoux (1986), and Teh & Houlsby (1991).  
Torstensson (1977) suggested that the pore pressures in the soil caused by steady cone 
penetration, can be estimated by one-dimensional (radial) solutions corresponding to 
cylindrical or spherical cavity expansion theories (Soderberg 1962, Ladanyi 1963). He 
assumed that the soil to be uniform, initially subjected to an isotropic state of stress, to 
behave as an elastic-perfectly plastic material during cavity expansion. Torstenson  
proposed to estimate the coefficient of consolidation, c, at 50%  of consolidation 
0 0
/ 0.5
i
u normalized u u u u  by the following expression: 
 
                                        
250
50
T
c R
t
                                                                           (2. 14) 
 
where T50 = time factor at 50% consolidation predicted by the theory of uncoupled 
consolidation analysis (finite different method) as a function of /u uE S  and the type of 
cavity (cylindrical or spherical); Eu = Young’s modulus and Su = undrained shear strength 
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of the clay respectively; t50 = measured time to achieve 50% consolidation; and R = radius 
of the cone. 
 Baligh & Levadoux’s (1986) solution was developed based on linear consolidation 
analysis and initial pore pressure distributions calculated by the strain path method for 
undrained penetration with soil properties of Boston blue clay. Fig. 2.14 shows the plots of 
the normalized excess pore pressure u versus log-time factor (T), at four selected 
locations along the tip and the shaft of a 60
o
 piezometer probe. At a given degree of 
consolidation, the predicted horizontal coefficient of consolidation ch (piezocone) is 
obtained as: 
 
                                      
2
h
T R
c
t
                                                                         (2. 15) 
 
where T
*
 = time factor (for a cone tip angle of 60
o
, and at 50% degree of consolidation, T
*
 
= 5.6); t = measured time corresponding the given degree of consolidation and R = radius 
of the cone. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.14 Normalized pore water pressure dissipation versus log-time factor 
(after Levadoux and Baligh, 1986) 
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    Teh & Houlsby (1991) realized that, the dissipation curves are not unique, since the 
initial pore pressure distribution depends on the value of Ir, the rigidity index of soil. In 
particular, the size of the zone of soil surrounding the penetrometer in which excess pore 
pressures developed varies with Ir. Based on their analysis results, Teh & Houlsby (1991) 
proposed:   
                                         
* 2
50
r
h
T R I
c
t
                                                           (2. 16) 
 
where T
*
 = modified time factor. For pore pressure sensor located at the shoulder of the 
cone, at 50% degree of consolidation T
*
 = 0.245. Ir = rigidity index = G / Su, where G is the 
shear modulus.  
 
2.4.2 Methods for non-standard dissipation curves 
 
      As for the non-standard dissipation curve, only few methods are available, such as 
Sully et al.’s (1999) methods of shifting time origin and extrapolation root-time ( t ) 
verses pore water pressure curve and Chai et al.’s (2012a) method which corrects the time 
corresponding to 50% dissipation of the measured maximum u2 value. However, Sully et 
al.’s shifting time origin method ignored the effect of redistribution of u values around the 
cone during the process of u2 reaches the maximum value, and the method of extrapolation 
of t  curve ( t method) does not have a fundamental theoretical basis.   
 
 (a)  Shifting time origin method 
 
One of the correction methods involves shifting the origin of time to the point where 
the measured pore pressure is a maximum. The maximum pore pressure is taken as the 
initial value and the corresponding time is taken as the new origin of time (Fig. 2.15 (a)).  
 
(b) t method 
 
           Fig. 2.15 (b) illustrates a non-standard dissipation curve of u2 verses t  plot. 
t method assumes that the initial part of the measured dissipation curve is wrong, and can 
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be corrected by extrapolating the close to linear part of the curve after the maximum value 
of u2. Taking the value of u2 at the intersecting location of extrapolation line and the 
vertical axis as initial value of u2 (u20), and the t50 is the time for u2 dissipated to 0.5 u20. 
Then the value of ch is calculated by Eq. (2.16). For the two methods proposed by Sully et 
al., t method can result in a slightly higher ch value than the shifting time origin method 
(Chai et al. 2012a).  
 
                          
 
(a) Logarithm of time plot correction 
 
(b) u verses t  plot 
 
Fig. 2.15 Approximation solution of pore water pressure dissipation 
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(c) Chai et al.’s t50c Method 
 
The reasons considered for causing the non-standard dissipation curves are: (1) cone 
penetration induced dilatancy of danse sand or over-consolidated clayey soil adjacent to 
the face of the cone, and (2) partial unloading effect when a soil element moves from the 
face to the shoulder of the cone in case of a standard piezocone (Chai et al. 2012a). The 
dilatancy and partial unloading effects will result in an initial excess pore water pressure 
(u2) at the shoulder of the cone lower than that in the zone adjacent and slightly away from 
the shoulder. Then the non-standard dissipation curve is the result of the “non-standard” 
initial excess pore water pressure distribution around the cone. By conducting uncoupled 
dissipation analysis with different initial u distribution using finite difference method, Chai 
et al. (2012a) proposed an empirical equation for correcting t50, the time period for u2 
dissipated from its maximum value to 50% of the maximum value of a non-standard 
dissipation curve. Then with the corrected t50c, ch value can be estimated using Eq. (2.16). 
Fig. 2.13 illustrates a non-standard dissipation curve with some variables defined by Chai 
et al. illustrated. The proposed correction equation is as follows: 
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where tumax is the time for measured excess pore pressure to reach its maximum value. 
Then substitute t50c into Eq. (2.16) in the place of t50 to calculate the value of ch.  
 
 
2.5 From Estimated kh Value 
 
2.5.1 Methodology  
 
Baligh and Levadoux (1980) proposed a method to calculate the approximate values of 
hydraulic conductivity,  kh, from the value of coefficient of consolidation, ch. Conversely, 
if the value of kh is known, ch can be estimated, and their relationship is as follows:  
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                                                             (2. 18) 
               
 
where W the unit weight of water (=10
-3
 kg/cm
3
) and RR represents the value of 
Cs/(1+e0) or Cc/(1+e0) (e0 is initial void ratio, Cc and Cs are compression and swelling 
indexes respectively). One of the challenges of using Eq. (2.18) is how to determine RR 
value. 
 
2.5.2 Existing methods to estimate hydraulic conductivity 
 
There are efforts to estimate kh values from piezocone sounding records. Most of the 
proposed methods (Robertson et al. 1992, Lunne et al. 1997, Robertson 2010) are 
empirical, and some of them only provide a likely range of kh value (Robertson et al. 1992). 
Elsworth and Lee (2007) proposed a semi-theoretical equation for estimating kh value, but 
the method is only applicable to sandy soils. Chai et al. (2011) modified Elsworth and 
Lee’s (2007) method and the proposed equations are applicable to most soil types, from 
fine sand to soft clay deposits.  
 
(a)  Robertson’s method 
 
      Robertson (2010) proposed an empirical method, which relates hydraulic conductivity 
in the horizontal direction, kh, to a parameter called the Soil Behavior Type (SBT) Index, Ic. 
Ic is a function of uCPT tip resistance (qt) and sleeve friction (fs).   
 
                                   
0.5
2 2
3.47 log log 1.22c tn rI Q F                                  (2.19) 
 
                                   / /
n
tn t vo a a voQ q p p                                                  (2.20) 
 
                                   / 100%r s t voF f q                                                           (2.21) 
where pa = atmospheric pressure. n ≤ 1.0, and it is calculated as follows  (Robertson 2010): 
 
                                         0.381 0.05 / 0.15c vo an I p                                     (2.22) 
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Clearly, to calculate Ic values using Eq. (2.19) certain iterations are needed. Then the 
relationships between kh and Ic are as follows: 
 
When 1.0 < Ic ≤ 3.27       
0.952 3.04
10 c
I
hk       (m/s)                                                      (2.23) 
 
When 3.27 < Ic ≤ 4.0        
4.52 1.37
10 c
I
hk      (m/s)                                                      (2.24) 
 
(b) Elsworth and Lee’s method 
 
       The method proposed by Elsworth & Lee (2005) is based on a dislocation model 
(Elsworth 1991). The basic assumption is that during the piezocone penetration, “dynamic 
steady” spherical flow of pore-water will form around the tip of the cone. The diameter of 
the spherical cavity is assumed to be the same as the diameter of the cone, and the rate of 
spherical flow of pore-water through the periphery of the cavity (q) is assumed equal to the 
rate of volume penetration, v , of the cone (the continuity assumption). Using Darcy’s 
law to spherical flow, and assuming that zero excess pore water pressure exists at an 
infinite distance from the cone, an explicit equation has been derived to calculate the soil 
permeability. The basic concept behind this method is illustrated in Fig. 2.16, in which k is 
the soil permeability, a is the radius of the cone, U is the rate of cone penetration, ia is the 
hydraulic gradient at radius r = a, ua is the absolute pore water pressure measured by the 
piezocone and us is the initial hydro-static pore water pressure. The equation proposed by 
Elsworth & Lee (2005) for calculating the in-situ value of k is 
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KD is a dimensionless soil permeability index, which can also be expressed as:  
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Qt and Bq are defined in Eqs. (2.2) and (2.4).  
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 As explained by Elsworth & Lee (2005; 2007), Eq. (2.25) can only be used for the 
case of partially drained conditions in the soil ahead of and surrounding the cone 
penetrometer.  This means that the value of k of the soil must be low enough for excess 
pore water pressure to be generated, and at the same time it must also be high enough to 
allow formation of “dynamic steady” pore-water flow around the cone.  
 Elsworth & Lee (2007) collected some of the available data from field piezocone 
soundings and independently measured soil permeability values (k) for the same soils. A 
comparison of these two sets of values of soil permeability, Elsworth and Lee suggested 
that Eq. (2.25) should be used only for BqQt < 1.2, that is, for soils with k > 10
-5 
m/s, which 
corresponds to fine sand. 
 As a consequence, Elsworth & Lee (2007) modified the KD ~ BqQt relation and 
suggested that the following empirical equation is more appropriate in practice: 
 
 D
q t
K
B Q
                                                       (2.27) 
where  and  are constants, and  Elsworth and Lee suggested that suitable values are   =  
0.62 and   =  1.6. However, Elsworth and Lee’s method is only applicable for partially 
drained conditions, and specifically it can not be used for clay deposits, deforming under 
close to undrained conditions during a piezocone penetration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.16 Basic concept of Elsworth and Lee’s (2005) method 
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(c) Chai et al.’s method 
 
Chai et al. (2011) modified Elsworth & Lee’s (2007) method and proposed semi-
theoretical equations for calculating kh values from uCPT sounding records. The bi-linear 
KD - (Bq.Qt) relationship proposed is as follows (Chai et al. 2011): 
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Finally the relationship between KD and kh is as follows (Chai et. al. 2011): 
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2.6 Concluding Remarks 
 
          Piezocone test is one of the in-situ test methods, and the test results can be used to 
classify soil strata and estimate mechanical and consolidation parameters. For a standard 
piezocone with a shoulder filter element (u2) immediately behind the cone tip, the 
dissipation tests show two types of dissipation curves. One is monotonically decreasing 
pore water pressure, which is often observed in normally consolidated deposit and 
designated as the “standard” curve. However, in overconsolidated cohesive soils, a 
dissipation test record shows an initial temporary increase in pore water pressure and then 
decrease to hydrostatic pressure, which is designated as “non-standard” curve. The 
methods for estimating ch values from dissipation curves are reviewed. Theoretically the 
shape of the dissipation curve is strongly influenced by the cone penetration induced initial 
excess pore water pressure distribution around the cone. There is a need to identify the 
suitable methods for predicting  the initial excess pore pressure distribution induced by the 
cone penetration. It is difficult to measure the actual excess pore pressure distribution 
during cone penetration in the field. There are few predicting methods have been 
developed, (Burns and Mayne 1998, Kim et al. 2008, Randolph et al. 1979). However, it is 
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possible to measure the cone penetration induced excess pore water pressure distribution in 
a laboratory model test. Several empirical methods have been developed to estimate 
coefficient of consolidation in horizontal direction (ch) from piezocone dissipation test. The 
methods for estimating the values of hydraulic conductivity, kh, from piezocone sounding 
records are also reviewed. Baligh & Levadoux’s (1986) and Teh & Houlsby’s (1991) 
methods are used to estimate ch value for “standard” dissipation curve. Sully et al.’s 
(1999) and Chai et al.’s (2012a) methods are used to evaluate the values of ch from “non-
standard” dissipation curve. The values of coefficient of consolidation (ch) can also be 
estimated from the values of hydraulic conductivity (kh) by using Baligh and Levadoux’s 
(1980) method.  
          There are reported field cases, where piezocone penetration and dissipation test 
results, as well as coefficient of consolidation in vertical direction obtained from laboratory 
consolidation test using undisturbed samples are available. However, the value of 
coefficient of consolidation can be estimated from the piezocone test results is mainly 
reflect the property in the horizontal direction. Further in a field, the location for 
conducting piezocone test and the location for obtaining the undisturbed soil samples are 
normally a few meter apart, e.g., the soil conditions may not be exactly the same. 
Therefore, there is a limitation to identify a suitable method for estimate ch value by using 
field data. In a laboratory condition, the ch value can be directly measured using the soil 
sample obtained from the model ground in which the cone penetration and dissipation test 
are conducted. The data set can be used to identify the suitable method for estimating ch 
value from the piezocone test results. 
          Based on above argument, in this study the laboratory model tests on cone 
penetration and dissipation are conducted and the results will be presented in the next 
chapter.   
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CHAPTER THREE 
LABORATORY MODEL TESTS AND RESULTS 
 
 
3.1  Introduction 
 
         The piezocone penetration test (uCPT) provides continuous profiles of tip resistance 
qt, sleeve friction fs and pore water pressure u at the shoulder of the cone. In a laboratory 
set-up the uCPT induced escess pore water pressure around the cone can also be measured 
(e.g., kim et al. 2007). In this chapter, a laboratory set-up of piezocone penetration and 
dissipation test are described. Then the materials used for conducting the tests and the test 
results are presented in detail. 
         
 
3.2 Test Equipment 
 
The device used for the laboratory model tests is shown in Fig. 3.1.  The main parts 
of this devices are fallows: (a) laboratory scale piezocones; (b) penetration system; (c) 
model chamber; (d) Piezometers in the model ground and (e) data acquisition system. 
   
 
3.2.1 Laboratory scale Piezocones  
 
Two types of piezocone are used in the laboratory tests. One piezocone has a diameter 
of 30 mm with a cone tip angle of 60˚. Another type used has a diameter of 20 mm with a 
cone tip angle of 60˚. Fig. 3.2 shows the two types of piezocones used.  The filter element 
for pore water pressure measurement was installed on the shoulder of the cone. 
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(a) Illustration of the set-up of the test 
 
(b) Plane view of the locations of piezometers (P1 to P6)  
Fig. 3.1 Schematic diagram of laboratory model test 
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Fig. 3.2 Laboratory scale piezocones 
 
 
3.2.2 Penetration system 
 
The penetration system consists of a reaction frame, a motor and a speed control unit 
which are shown in Fig. 3.3.  The penetration rate adopted was 25 mm/min. A servo motor 
is used to control the penetration rate.  Since the penetration depth is relatively small and to 
reach a steady rate in a short time period, a rate of 50% of the maximum rate of the motor 
was adopted.  Although the rate is lower than that adopted in the standard field test, i.e., 20 
mm/s, Kim et al. (2008) reported that for a saturated clayey soil and when the penetration 
rates are about 0.1 mm/s to 20 mm/s, there is no obvious effect on the measured 
penetration tip resistance and the generated pore water pressure. 
 
(a) 20 mm diameter 
piezocone 
(b) 30 mm diameter 
piezocone 
 
Filter element 
Filter element 
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Fig. 3.3 Laboratory set-up of the piezocone test 
 
3.2.3 Model chamber 
 
         The cylindrical container (chamber) is made of PVC and has an inner diameter of 
0.485 m and a height of 1.0 m (Fig. 3.4). Three (3) to seven (7) piezometers were placed in 
the model ground in chamber to measure the generated excess pore water pressure around 
the cone and their dissipation process.  A piston system driven by air pressure was used to 
apply consolidation pressure to the soil sample.  The sealing between the piston and the 
container was achieved using a rubber “O”-ring placed in a slot around the piston as well 
as a rubber sleeve installed above the piston. For the configuration adopted, the ratios of 
the diameter of the model ground and the diameter of the cone are about 16 for the cone of 
30 mm diameter and about 24 for the cone of 20 mm  diameter.  These ratios are relatively 
small and the measured pore water pressures by the piezometer near the periphery of the 
cylindrical chamber may be influenced by the boundary (wall of the chamber).  This point 
will be further discussed in presenting the measured and calculated results. 
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                         Fig. 3.4 Laboratory cylindrical container 
3.2.4 Piezometers in chamber 
 
Fig. 3.5 shows the piezometer embedded inside the model ground.  It has a diameter 
of 20 mm and the length of 25 mm. Some model tests used three (3) piezometers, some 
tests used six (6) piezometers and some tests used seven (7) piezometers. The piezometers 
were placed in the model ground at different radial distances from the center of the 
chamber and different depth level in the chamber soil, in order to monitor the cone 
penetration induced pore water pressure distribution around the cone and their variation 
during the dissipation process (Fig. 3.1).   
 
Fig. 3.5 Laboratory Piezometer  
20mm  
25mm  
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3.2.5 Data acquisition system 
 
During piezocone penetration and the subsequent dissipation process, the tip 
resistance and pore water pressures at the shoulder of the cone and the three (3) 
piezometers to seven (7) piezometers installed in the model ground were monitored using a 
computer through a data logger. The settlement of the model ground was measured by a 
LVDT and recorded by the computer (in Fig. 3.3).   
 
 
3.3 Test Procedure 
 
(1) Preparing model ground 
 
       Three (3) layers of non-woven geotextile (about 138 g/m
2
) were first placed at 
the bottom of the cylindrical chamber to act as a drainage layer.  Then six (6) 0.1 m wide 
geotextile strips were lined vertically along the inner periphery of the chamber to facilitate 
drainage by outward radial flow of the pore water (in Fig. 3.6).  In the field condition, the 
radial boundary is neither drained nor undrained, and so the laboratory set-up is an 
approximation of the field situation.  Thoroughly remolded soil with a water content about 
1.2 times its liquid limit was placed in the chamber, layer by layer.  To avoid possible air-
bubbles being trapped in the sample, each soil layer was thoroughly stirred by a stainless 
rod. Piezometers were placed at pre-determined locations in the model. Then further soil 
was added until the total thickness was about 0.8 m.  Finally, three layers of non-woven 
geotextile were placed on the top of the cylindrical soil specimen to act as a drainage layer, 
and the piston and air-pressure system were setup.  A pre-determined air pressure was 
applied to pre-consolidate the model ground. During pre-consolidation period the 
settlement of  soil in the chamber is measured by displacement dial gauge (Fig. 3.3). Once 
the degree of pre-consolidation was more than 90%, the air-pressure was adjusted to result 
in a specimen with the desired over-consolidation ratio (OCR). For cases where OCR > 1.0, 
there may have been some negative pore water pressure in the ground at this unloading 
stage (Fig. 3.7).  A piezocone penetration and dissipation test was conducted once the 
unloading-induced negative pore pressures had the opportunity to dissipate (which 
generally took a few days). This phenomenon is shown in the Fig. 3.7. Fig. 3.8 is shown 
the typical settlement curve of pre-consolidation of the model ground. 
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Fig. 3.6 Drainage layer in chamber 
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Fig. 3.7 Typical pore water pressure curves at P1, P2 and P3 during pre-consolidation 
of the model ground 
Pre-consolidated 
pressure 
vm = 100 kPa 
Adjusted air 
pressure  
vo = 25 kPa 
OCR = 4 
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Fig. 3.8 Typical settlement curve of pre-consolidation of the model ground 
 
(2) Preparing the piezocone 
 
 Before a penetration test, the filter element was saturated by the following three (3) 
steps:  
(a) the filter element was boiled in water for one (1) hours  to remove the air;  
(b) the boiled filter element was put in a vacum chamber and applying a vacuum 
pressure of about 100 kPa for twenty four (24) hours and kept in water;  
(c) the filter element was assembled under water.   
Fig. 3.9 shows the steps of the filter element saturation process.   
 
(3) Piezocone penetration and dissipation test 
 
      After pre-consolidation, the thickness of the model ground was about 0.60 m to 0.64 m. 
The piezocone was penetrated in to the model ground at a depth of about half of the 
thickness of the model ground and then the cone was halted for dissipation tests. 
 
3.4 Items Measured 
 
During the penetration process, the tip resistance (qt), pore water pressures at the 
shoulder of the cone and at three to seven piezometer locations are measured. In 
dissipation process, only the pore water pressures were monitored. During penetration and 
dissipation process, the typical measured pore pressure of the cone and the piezometers are 
shown in Fig. 3.10 and Fig. 3.11. 
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      Boiling 
(a) Step-1 
  
Applying vacuum pressure  Kept in water  
(b) Step-2  
 
Assembled under water  
(c) Step-3  
Fig. 3.9 Saturation of the filter element of the piezocone 
Rubber  
sleeve 
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Fig. 3.10 Measured pore pressure by the piezometer on the cone (u2) 
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Fig. 3.11 Measured pore pressure by the piezometers embedded on the model ground  
(P1, P2 and P3) 
3.5 Soils Used 
 
Two types of soil were used in the laboratory test.  One was remoulded Ariake clay 
(Miura et al. 1998) and another was misture of sand and the Ariake clay (mixed soil).  
 
3.5.1 Ariake Clay 
 
The physical properties of the Ariake clay are listed in Table 3.1.  The initial water 
content of the soil was adjusted to about 133.0% and the sample was thoroughly mixed 
before putting it into the chamber. 
Penetration Dissipation 
Penetration Dissipation 
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Table 3.1 Physical properties of the Ariake clay used 
Soil 
properties 
Liquid limit 
LL (%) 
Plastic limit 
PL (%) 
Finer than 
2 μm (%) 
Water content 
Wn (%) 
Specific 
gravity ρs 
Values 114.0 60.6 63.5 133.0 2.65 
 
3.5.2 Mixed Soil 
 
         The mixed soil was prepared by mixing 60% of river sand and 40% of the Ariake 
clay. The grain size distribution of the sand is plotted in Fig. 3.12. The physical properties 
of this sand can be described as FM=3.5, D10 = 0.16, D30 =0.25 and D60 =0.44. Where, FM= 
Fineness modulus, D10 = effective diameter of particle size of which 10% sample is 
smaller, D30 = effective diameter of particle size of which 30% sample is smaller and D60 = 
effective diameter of particle size of which 60% sample is smaller. The physical properties 
of the mixed soil are listed in Table 3.2. 
 
Fig. 3.12 Grain size distribution curve of river sand 
 
Table 3.2 Physical properties of the mixed soil 
Soil 
properties 
Liquid limit 
LL (%) 
Plastic limit 
PL (%) 
Finer than 
2 μm (%) 
Water content 
Wn (%) 
Specific 
gravity, ρs 
Values 44.24 21.28 34 53.09 2.63 
D10 = 0.16 
D30 = 0.25 
D60 = 0.44 
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3.6 Cases Tested 
 
  Ten (10) tests were conducted, as listed in Table 3.3.  The air pressure applied during 
pre-consolidation was 100 kPa (for case-1 to 8), 50 kPa (for case-9) and 200 kPa (for case-
10) but there was a shaft installed on the top of the piston, and so the area on which the air 
pressure could be applied is annular.  After correcting for the area of the shaft, the effective 
consolidation stress transmitted to the soil was estimated to be about 96 kPa, 48 kPa and 
192 kPa respectively.  Samples with relatively low values of OCR were tested because 
most natural soft clayey deposits are found in such conditions. 
  For the test cases 1 to 7 and 9, three (3) piezometers were used at the place of the 
shoulder level of the cone in the model soil. In the test case 8, six (6) piezometers were 
used. Three (3) piezometers were placed at the shoulder level of the cone and three (3) 
piezometers were place at the middle height between the surface of model ground and the 
level of the shoulder of the cone. In the test case 10, seven (7) piezometers were used. 
Three (3) piezometers were placed at the shoulder level of the cone, three (3) piezometers 
were place at the middle height between the surface of model ground and the level of the 
shoulder of the cone and one piezometer was placed at the center of the soil chamber and 
about 50 mm below from the apex of the cone.   
  For all cases, after the penetration and dissipation test, soil samples from the model 
ground were taken for oedometer testing and laboratory mini-vane shear tests.  The mini-
vane used has a diameter of 20 mm and a height of 40 mm and the shearing speed adopted 
was 3 degrees/min. The device is shown in Fig. 3.13. The typical oedometer test results are 
shown in Fig. 3.14. 
 
Fig. 3.13 Vane shear test equipment 
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Table 3.3 Cases tested and conditions 
Test 
Cases 
Type 
of Soil 
Cone 
diamete 
(mm) 
d 
(mm) 
vm* 
(kPa) 
v0 
(kPa) 
OCR 
su 
(kPa) 
Locations of 
piezometer (mm) 
h 
(mm) 
r1 r2 r3 
1 Ariake 
clay 
30 225 96 96 1 30 45 90 135 600 
2 30 225 96 48 2 26 45 90 135  
3 30 225 96 24 4 23 54 107 161  
4 30 225 96 12 8 20 45 90 135  
5 Mixed 
soil 
20 300 96 96 1 32 30 60 90 620 
6 20 300 96 48 2 27.5 40 70 90  
7 20 300 96 24 4 24 30 60 90  
8 20 300 96 12 8 21 40 70 90  
9 20 300 48 48 1 19 40 70 90 645 
10  20 300 192 48 4 41 40 70 90 600 
* vm is the maximum vertical consolidation stress, v0 is the initial vertical effective 
stress in the model ground during piezocone penetration and dissipation tests, r0 is radius 
of the cone, su is the estimated undrained shear strength, d is the penetration depth and h is 
the thickness of the model ground. 
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Fig. 3.14 Oedometer test results (Ariake clay) 
OCR = 4 
v0 = 24 kPa  
 
cv= 0.001cm
2
/s 
v0 ( kPa) 
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3.7 Test Results 
 
The test results presented here are: (1) initial distributions of u before starting the 
dissipation tests, (2) u2 (shoulder of the cone) dissipation curves, and (3) dissipation curves 
recorded by the piezometers embedded in the model ground. 
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(a) Case-1 (b) Case-2 
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(c) Case-3 (d) Case-4 
 
 
Fig. 3.15 Initial u distribution with radial distance of cases 1 to 4  
(Ariake clay) 
OCR=1 
v0 = 96 kPa 
OCR = 2 
v0 = 48 kPa 
OCR = 4 
v0 = 24 kPa 
OCR= 8 
v0 = 12 kPa 
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3.7.1 Initial excess pore pressure distribution 
 
The initial distributions of u for Cases 1 to 4 with OCR = 1, 2, 4 and 8 are shown in 
Fig. 3.15, for case 5 to 8 with OCR = 1, 2, 4 and 8  are shown in Fig. 3.16 and for case 9 
and 10 with OCR = 1 and 4 are shown in Fig. 3.17. For the conditions investigated 
generally the initial values of u reduced with the reduction of the initial vertical effective 
stress even the OCR value is increased. The initial values of u increased with an increase 
of OCR, when the initial vertical effective stress is the same.  
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(a) Case-5 
 
(b) Case-6 
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(c) Case-7 (d) Case-8 
 
Fig. 3.16 Initial u distribution with radial distance of cases 5 to 8  
(mixed soil) 
OCR=1 
v0 = 96 kPa 
OCR = 2 
v0 = 48 kPa 
OCR = 4 
v0 = 24 kPa 
OCR= 8 
v0 = 12 kPa 
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(a) Case-9 
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(b) Case-10 
Fig. 3.17 Initial u distribution with radial distance of cases 9 and 10  
(mixed soil) 
 
The measurements also show that u reduces with radial distance.  It is not possible to 
discern whether the values of u are actually higher in a zone adjacent to the shoulder of the 
cone than right on the shoulder (r = r0), since the location of P1 (r1) is not close enough to 
the cone face to allow such a determination.  Locating P1 closer to the centre of the model 
ground was not attempted as it was thought that the piezometer may be damaged during 
the cone penetration process or it may influence the outcome of the piezocone dissipation 
OCR =1 
v0 = 48 kPa 
OCR =4 
v0 = 48 kPa 
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test.  As shown in Fig. 3.15 (c) for the case where OCR = 4, P2 was damaged and only the 
results of P1 and P3 can be presented. 
 
3.7.2 Excess pore pressure dissipation of piezocone 
 
The dissipation curves for u2 at the shoulder of the cone are shown in Figs. 3.18, 3.19 
and 3.20 for 10 cases respectively. All measured dissipation curves are non-standard, i.e., 
u2 increased initially and then dissipated with time.  From the measured dissipation curves, 
interpreted values of the time (tumax) for u2 to reach its maximum value (umax), and the time 
increment (t50) for u2 to reduce to 50% of umax are summarized in Table 3.4.  It can be seen 
that tumax increased with the increase of OCR. 
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Fig. 3.18 Piezocone dissipation curves of cases 1 to 4 (Ariake clay) 
OCR = 1 
v0 = 96 kPa 
OCR = 2 
v0 = 48 kPa 
OCR = 4 
v0 = 24 kPa 
OCR = 8 
v0 = 12kPa 
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From the test results (in Table 3.4) it can be seen that the time (tumax) for u2 to reach 
its maximum value (umax) for the cases using the mixed soil are higher than that of the 
Ariake clay. It is considered that the shear induced dilatancy effect may be stronger for 
using the mixed soil cases. The measured dissipation time for the cases of using the mixed 
soil is shorter than that of the case using the Ariake clay providing other conditions are the 
same. (Figs. 3.18, 3.19 and 3.20).  
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(a) Case-5 
 
(b) Case-6 
 
0.001 0.01 0.1 1 10 100 1000
0
20
40
60
80
100
E
x
ce
ss
 p
o
re
 p
re
ss
u
re
 (
k
P
a)
Time (h)  
0.001 0.01 0.1 1 10 100 1000
0
20
40
60
80
100
E
x
ce
ss
 p
o
re
 p
re
ss
u
re
 (
k
P
a)
Time (h)  
 
(c) Case-7 (d) Case-8 
 
Fig. 3.19 Piezocone dissipation curves of cases 5 to 8 (mixed soil) 
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Fig. 3.20 Piezocone dissipation curves of cases 9 and 10 (mixed soil) 
 
Table 3.4 Summary of the laboratory piezocone dissipation test results 
Test cases Type of soil 
v0 
kPa 
OCR 
tumax 
min 
umax 
kPa 
t50 
min 
1 Ariake clay 96 1 0.35 128.918 83.65 
2 48 2 0.75 93.699 79.59 
3 24 4 1.40 73.481 107.76 
4 12 8 0.65 52.176 83.34 
5 Mixed soil 96 1 0.45 110.078 62.37 
6 48 2 0.30 93.350 57.43 
7 24 4 1.50 68.855 63.48 
8  12 8 0.70 69.96 47.44 
9  48 1 0.35 57.802 77.43 
10  48 4 1.00 131.74 48.32 
OCR = 1 
v0 = 48 kPa 
OCR = 4 
v0 = 48 kPa 
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3.7.3 Excess pore pressure dissipations of at piezometer locations  
 
        The pore pressure dissipation curves measured at the locations of the three 
piezometers embedded in the model ground (Ariake clay) are depicted in Fig. 3.21 for 
cases 1 to 4. Figs. 3.22, 3.23, 3.24 and 3.25 are shown the pore pressure dissipation curves 
measured at the locations of three to seven piezometers of cases 5 to 10 respectively. All 
measured curves show a tendency of initial increase in the value of u followed the 
dissipation of u.  The measured maximum value of u also reduced with the increase of 
radial distance from the cone. 
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(a) Case-1 (b) Case-2 
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Fig. 3.21 Dissipation curves at P1, P2 and P3 of cases 1 to 4 (Ariake clay) 
OCR = 1 
v0 = 96 kPa 
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v0 = 48 kPa 
OCR = 4 
v0 = 24 kPa OCR = 8 
v0 = 12 kPa 
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(a) Case-5 
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(b) Case-6 
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(c) Case-7 
Fig. 3.22 Dissipation curves at P1, P2 and P3 locations of cases 5 to 7 (mixed soil) 
OCR = 4 
v0 = 24 kPa 
OCR = 2 
v0 = 48 kPa 
OCR = 1 
v0 = 96 kPa 
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(a) Dissipation curves at P1, P2 and P3 locations 
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(b) Dissipation curves at P4, P5 and P6 locations 
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(c) Dissipation curve at P7 location 
Fig. 3.23 Dissipation curves at P1 to P7 locations of case 8 (mixed soil) 
OCR = 8 
v0 = 12 kPa 
OCR = 8 
v0 = 12 kPa 
OCR = 8 
v0 = 12 kPa 
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Fig. 3.24 Dissipation curves at P1, P2 and P3 locations of case 9 (mixed soil) 
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(a) Dissipation curves at P1, P2 and P3 locations  
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(b) Dissipation curves at P4, P5 and P6 locations  
Fig. 3.25 Dissipation curves at P1 to P6 locations of case 10 (mixed soil) 
OCR = 1 
v0 = 48 kPa 
OCR = 4 
v0 = 48 kPa 
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v0 = 48 kPa 
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           In Figs. 3.22. (a) and (c) the initial excess pore pressure at piezometer P1 (most 
closer from the cone) and P2 locations are relatively lower, even lower than that at P2 
location. After penetration and dissipation test, during removing the soil from the chamber 
it was identified that the piezometer P1 was about 10 mm lower than that of P2 and P3. P1 
was arranged about 10 mm away from the cone face, during the process of the cone 
penetration, the soil around the cone was pushed downward, and it is considered that 
piezometer P1 was moved downward together with the soil as illustrated in Fig. 3.26. 
Therefore the u values measured from P1 for case 5 and 7 are not reliable. For case  8 and 9, 
initial P1 was placed about 10 mm higher than P2 and P3 and after the test, it has been 
verified that, finally P1, P2 and P3 were almost on the same elevation. In Fig. 3.25.(a) the 
initial excess pore pressure at piezometer P1 (most closer from the cone) and P2 locations 
are relatively lower, P2 locations even lower than that at P3 location. After penetration and 
dissipation test, during removing the soil from the chamber it was identified that the 
penetration depth of piezocone shoulder was not reached at the same level of piezometers 
(P1, P2 and P3). The filter level of piezometers was about 30 mm above from the level of 
piezometers (P1, P2 and P3). Therefore the u values measured from P1 and P2 for case 10 are 
also not reliable. 
 
Fig. 3.26 Location of piezometers in model soil for cases 5, 6 and 7  
(longitudinal section) 
        Figs. 3.27. (a) to (f)  are shown the contours of the excess pore pressure (u) in the 
model ground and their variation with different time (0 min, 1 min, 30 min, 60 min, 120 
min and 240 min) in the dissipation process when the tip of the cone penetrated at 
predetermined depth (about 300 mm) of test case 8. 
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(a) 0 min (b) 1 min (c) 30min 
   
(d) 60 min (e) 120 min (f) 240 min 
Fig. 3.27 Contours of excess pore pressure around the cone at the end of penetration with 
different time in dissipation period (Case 8) 
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3.8 Discussion 
 
          All the measured dissipation curves are non-standard ones, but with the piezometers 
arranged, the measured values show gradual reduction of u value with the radial distance 
from the cone. It is believed that with the piezometers arranged, the possible higher u value 
in a zone adjacent the face of the cone might not be catched. To further investigate this 
issue, back simulation of the measured dissipation curves by assumed initial u distribution 
were carried out. The simulation procedure, as well as the results will be present in the next 
chapter. 
 
 
3.9 Summary 
 
         Ten (10) laboratory model tests on cone penetration and dissipation were conducted 
and the results are presented in items of  (1) cone penetration induced excess pore water 
pressure (u) distribution;  (2) dissipation curves of the pore water pressure at the shoulder 
of the cone and (3) dissipation process of pore water pressures around the cone in the 
model ground. 
         (1) Cone penetration induced excess pore water pressure (u) distribution: The 
measurements show that the initial values of u reduce with radial distance. It is also shown 
that the initial values of u reduced with the reduction of the initial vertical effective stress 
even the OCR value is increased (Figs. 3.15 and 3.16). The initial values of u increased 
with the increase of OCR, when the initial vertical effective stress is the same (Fig. 3.17).  
        (2) Dissipation curves of the pore water pressure (u2) at the shoulder of the cone: All 
measured dissipation curves are non-standard, i.e., u2 increased initially and then dissipated 
with time.  From the measured dissipation curves, interpreted values of the time (tumax) for 
u2 to reach its maximum value (umax), increased with the increase of OCR. It can be seen 
that the times (tumax) for u2 to reach its maximum value (umax) for the cases using the mixed 
soil are larger than that of the cases of using the Ariake clay. It is considered that the shear 
induced dilatancy effect may be stronger for using the mixed soil cases. And the measured 
dissipation times for the cases of using the mixed soil are shorter than that of the cases 
using the Ariake clay. 
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       (3) Dissipation processes of the pore water pressure around the cone: Three to seven 
piezometers were embedded in the model ground to monitor the pore water pressure (u) 
variation around the cone. All measured dissipation curves show a tendency of initial 
increase in the value of u followed the dissipation of u.  The measured maximum value of 
u also reduced with the increase of radial distance from the cone. From the test results, it is 
depicted that, generally the time for measured u to reach the maximum value (tumax) of 
piezometers P1, closest to the cone is shorter than that of the far locations of piezometers, 
P2 and P3, i.e., tumax (P1) < tumax (P2) < tumax (P3).  
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CHAPTER FOUR 
SIMULATING PIEZOCONE DISSIPATION TESTS 
 
 
4.1 Introduction 
 
It is generally accepted that, excess pore pressure  generated (u), during a cone 
penetration process, consists two parts, i.e., due to the change of mean stress (Δup); and 
due to the change of shear stress (Δus) (e.g., Burns and Mayne 1998, Kim et al. 2008, 
Randolph et al. 1979). Further Chai et al. (2012a) pointed out that in case the filter for pore 
water pressure measurement is located on the shoulder of the cone, when a soil element 
moves from the face to the shoulder of the cone, certain unloaing will occur and it will 
influence the measured u value also. In this chapter, the proposed method to predict the 
radial distribution of excess pore water pressure generated during cone penetration process 
is described.  The method considers the effects of changing of mean stress (Δup); the 
changing of shear stress (Δus);   and the partial unloading effect in the vertical direction. 
Then dissipation process has been simulated by uncoupled dissipation analysis under plane 
strain radial drainage condition. The comparison of the test results of ten (10) cases in the 
laboratory and their simulation results by the proposed prediction and dissipation analysis 
methods are also presented in this chapter.  
  
4.2 Method for Predicting Initial Pore Pressure Distribution  
 
The generation of shear-induced negative values of Δus around the shoulder of the 
cone is negative for dense sand or overconsolidated clayey deposit, which is considered as 
the main reason for the existence of non-standard dissipation curves (Burns and Mayne 
1998, Chai et al. 2012a, Sully et al. 1999).  However, the numerical results from Chai et al. 
(2012a) also show that even for a clayey deposit that is close to normally consolidated, at 
the very beginning (may be for only the first few seconds) of the dissipation process, the 
pore water pressure at the shoulder of the cone may increase and then decrease, i.e., 
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producing a non-standard dissipation curve.  A possible reason for this phenomenon is the 
partial unloading effect in the vertical direction when (relatively speaking) a soil element 
moves from the face to the shoulder of a cone, and during this process, the vertical strain 
increment in the soil element is indeed tensile (Teh and Houlsby 1991).   
During a cone penetration process, consider the values of u generated around the 
cone consists three parts arising from: (1) the changing of mean stress (Δup); (2) the 
changing of shear stress (Δus); and (3) the partial unloading effect in the vertical direction. 
This partial unloading effect tends to reduce the value of u near the shoulder of a cone.  Its 
value arising from this cause alone is designated here as Δuul.  Hence u can be expressed 
as: 
 
                                      ulsp uuuu                                                   (4.1) 
 
where the various components are explained as follows. 
Using an elastic-perfectly plastic soil model and based on undrained cylindrical 
cavity expansion theory, the excess pore water pressure due to the change of mean stress 
(Δup) can be expressed as follows (Vesic 1972): 
 
                                                               (2.6 bis) 
 
 
where su = the undrained shear strength of the soil; r0 = the radius of the cylindrical cavity 
(cone); r = radial distance; R = r0 Ir is the outer radius of the annular plastic zone 
surrounding the cylindrical cavity and Ir = G/su is the rigidity index of soil, with G = the 
shear modulus of the soil. 
 
The value of Δus can be expressed as follows (Randolph et al. 1979):  
 
                                                            
''
fis ppu                                                 (2.7 bis) 
 
where p i and p f = the values of mean effective stresses at the initial and failure states, 
respectively.  Using the MCC model and considering an undrained compression stress path, 
p f  can be predicted as follows: 
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p iif                                   (2.8 bis) 
 
where Λ = 1 – κ/λ, while κ and λ are the slopes of unloading-reloading and virgin loading 
curves in an e- ln(p ) plot (e is void ratio and p  is mean effective stress); ηi = qi/p i (qi is the 
initial deviator stress); and M = the slope of critical state line in p  – q plot.  For triaxial 
compression, M is related to the effective friction angle of soil ( ′) as follows: 
 
'sin3
'sin6
M                                                          (2.9 bis) 
 
   Kim et al. (2008) proposed that the shear stress induced excess pore water pressure 
mainly occurs in a shear zone, which has a maximum value at r = r0, and linearly reduces 
to zero at r = rs.  Chai et al. (2012a) conducted numerical simulations of cone penetration 
and suggested that a zone within which the excess pore water pressure is significantly 
influenced by the shear deformation is about 10 to 15 mm thick from the surface of the 
cone. It is proposed that the value of rs is a portion of the radius of the plastic zone (R) 
induced by a cavity expansion and is a function of OCR.  By further assuming that the 
minimum value of rs is (r0 + 5) mm, rs can be expressed as: 
 
 ROCRrs )(    (rs  r0 + 5 (mm))                           (4.2) 
 
where   and  = constants.  Based on the results of back analysis of limited laboratory 
model test results (to be discussed in the next section), the suggested values are  = 0.15 
and  = 0.1.  If Ir = 100 (R = 10r0), Eq. (4.2) will result in a value of rs of 1.5r0 for OCR = 
1, and about 2r0 for OCR of about 10. 
Regarding the variation of Δus with radial distance, it is assumed that Δus has a 
maximum value at r = r0, and zero at r = rs, but it varies with 1/r.  Finally, Δus can be 
expressed as: 
1)(
0
0''
r
r
rr
r
ppu s
s
fis                            (4.3) 
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In determining the value of Δuul, it is considered that the stiffer the soil and the lower 
the confining pressure, the more significant will be the unloading effect.  If the stiffness of 
a clayey soil is related to the maximum consolidation pressure, then both the effects of 
stiffness and confining pressure can be considered using the relevant value of OCR.  
Designating the absolute maximum value of Δuul as (Δuul)max, and then assuming (Δuul)max 
is a portion of the maximum cavity expansion induced value of u at r = r0, the following 
empirical equation is proposed for calculating the value of (Δuul)max 
 
n
rrpul OCRumu )()()( 0max                                (4.4) 
 
where m and n = constants. To get a reasonable agreement between calculated excess pore 
water pressure distribution with limited test data from this study and in the literature (Kim 
et al. 2007), the sensitivity analysis indicates that the range of m is 0.15 to 0.2, and n of 0.2 
to 0.3.  We suggest m = 0.20 and n = 0.25.  It is further assumed that Δuul has a maximum 
absolute value at the shoulder of a cone and zero at r = rs and varies with 1/r, the same as 
for Δus. 
 
4.3 Method for Dissipation Analysis 
 
       The piezocone dissipation process is simulated numerically with predicted initial 
excess pore water pressure distribution by Eq. (4.1). The simulated dissipation curves are 
compared with the measured ones, to check the corrections of the method for predicting 
piezocone penetration induced excess pore water pressure distribution in radial direction, 
and back analyzing the coefficient of consolidation by fitting the measured dissipation 
curves. 
 
4.3.1 Finite difference method 
 
          The governing equation for consolidation with radial drainage is as follows: 
 
                                                     
t
u
r
u
rr
u
ch
1
2
2
                                                (4. 5) 
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where ch is horizontal coefficient of consolidation, u is excess pore water pressure, r is 
radius from the central axis of the cone and t is time. The above equation is solved by finite 
different method with the following boundary conditions. 
                                                                 00rrr
u
                                                   (4.6)                       
                                                                     0
2rr
u                                                   (4.7) 
 
where, r2 is the outer radius of the modelled range. 
 
4.3.2 Example of model  
 
          Fig. 4.1 shows an example model used. Considering the geometry of the laboratory model 
test, the modelled radius is r2 = 0.25 m. The analysis is an uncoupled type. Only the 
dissipation of the excess pore water pressure is simulated and the consolidation induced 
deformation is not considered. The radius was divided with about 200 nos segment (n). 
The length of each segment (dr) is about 1.25 mm. In simulation, total number of time 
steps (nt) are considered about 300 no and the time increment (dt) is 0.05 min.  
 
. 
 
Fig. 4.1 Typical model for dissipation simulation 
u 
r 
dr 
r0 
0
r
u  
n X dr 
 
rs 
rp 
r2 
0
2r
u  
59 
 
 4.3.3 Model parameters 
 
      For the model adopted, totally six (6) soil parameters are needed. These parameters are:  
     OCR=Each model was considered in turn by adopting a different soil model. In each 
case consider with the effect of OCR values, as overconsolidated clay deposit was 
assumed;    
        ch = The coefficient of horizontal consolidation is considered as back fitted to make 
dissipation simulation curves as best fitted laboratory measured dissipation curve; 
        Ir  = G/su is the rigidity index of soil, with G = the shear modulus of the soil; 
        su = Undrained share strength of the soil, in each case su value was considered as 
laboratory soil model; 
        λ = virgin loading curves in an e- ln (p ) plot and          
        κ = the slopes of unloading-reloading curves in an e- ln (p ) plot (e is void ratio and p  
is mean effective stress).  
In addition there are four (4) model parameters, α, β, m, n use in Eqs. (4.2) and (4.4).   
 
4.3.4 Cases simulated 
 
     All model test cases (10) have been simulated. Table 4.1 shows the ten simulated cases 
and their parameters.     
 
Table 4.1 Parameters of the model soils for ten (10) simulation cases 
Test 
cases 
v0 
(kPa) 
OCR 
r0 
(m) 
K0 M* Ir
 su 
(kPa) 
Back fitted 
ch 
(m
2
/min) 
α 
 
β 
 
 
m 
 
 
n 
 
1 96 1 0.015 0.5 1.2 100 30 1.40E-05 0.15 0.1 0.2 0.25 
2 48 2 0.015 0.7 1.2 100 26 1.50E-05 0.15 0.1 0.2 0.25 
3 24 4 0.015 1.0 1.2 100 23 1.60E-05 0.15 0.1 0.2 0.25 
4 12 8 0.015 1.4 1.2 100 20 2.40E-05 0.15 0.1 0.2 0.25 
5 96 1 0.01 0.5 1.2 120 32 1.40E-05 0.15 0.1 0.2 0.25 
6 48 2 0.01 0.7 1.2 120 27.5 1.50E-05 0.15 0.1 0.2 0.25 
7 24 4 0.01 1.0 1.2 120 24 1.60E-05 0.15 0.1 0.2 0.25 
8 12 8 0.01 1.4 1.2 120 21 1.70E-05 0.15 0.1 0.2 0.25 
9 48 1 0.01 0.5 1.2 80 19 0.80E-05 0.15 0.1 0.2 0.25 
10 48 4 0.01 1.0 1.2 150 41 2.00E-05 0.15 0.1 0.2 0.25 
*  is the stress ratio at failure, qf/p  (qf is the deviator stress at failure and p is the 
effective mean stress),  is the at-rest earth pressure coefficient and r0 is the radius of the 
cone.  
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4.4 Cone penetration induced initial pore pressure distribution 
 
To predict the cone penetration induced initial distribution of u around the cone, 
values of rigidity index (Ir) and undrained shear strength (su) of the soil are needed.  The 
initial stress condition, strength and stiffness of the ten (10) model grounds are listed in 
Table 4.2. The value of Ir of 100 and 120 ware assumed for test cases 1 to 4 using the 
Ariake clay and test cases 5 to 8 using the mixed soil respectively. For the test case 9, the 
value of Ir was assumed 80, because the stiffness and strength of model soil of test case 9 
are smaller than test cases 1 to 8 due to the smaller preconsolidation pressure (50 kPa). For 
the test case 10, the value of Ir was assumed 150, because the stiffness and strength of 
model soil of test case 10 are higher than test cases 1 to 9 due to the higher 
preconsolidation pressure (200 kPa). The undisturbed soil samples were collected at pre-
determined locations in the model ground, and the values of su were measured by the mini-
vane shear test. Considering the factor that the stress condition in the model ground and on 
the soil sample for the mini-vane shear tests, the su values given in Table 4.2 are estimated 
corrected using Ladd (1991)’s equation 
 
m
vu OCRSs )(
'
      (4.8) 
 
where v = vertical effective stress; and S and m are constants.  For the sample used in the 
mini-vane shear test, the mechanically applied initial total stress was close to zero, but 
there might be suction pressure in the sample.  For example, assuming the suction 
(effective) stress is about 10 kPa, then the value of OCR for the vane shear sample would 
be about 10 in case the preconsolidation pressure is about 96 kPa.  Further, referring to 
Ladd’s suggestion of using m = 0.8, and adopting the measured value of su of 19 of case 1, 
a value of 0.31, can be estimated for the parameter S.  With S = 0.31, and m = 0.8 and the 
values of v0 shown in Table 4.2, the corresponding values of su were estimated for each 
sample.   
The simulated initial distributions of u are compared with the measured values in 
Figs. 4.2, 4.3 and 4.4 for cases 1 to 10 respectively.  It can be seen that for the cases using 
the clay soil, case 3 and case 4 have a good agreement between the predictions and 
measurements.  For case 1, at all measuring point, and for case 2 at the location P3 the 
measured values of u are higher than the predicted values.  Assuming axisymmetric plane 
strain conditions (i.e., no vertical heaving), and considering a horizontal slice of the model 
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ground, penetration of the cylindrical rod attached to the cone into this slice should have 
induced an outward radial displacement and thus displacement of a volume of soil.  In a 
horizontal slice the outward displacement caused by the penetration of the cone for 30 mm 
diameter are equivalent to 0.38% of the volume of the original sample.  However, the cone 
penetration process is close to undrained, with almost no immediate volume change in the 
soil, which was confirmed by the measured heaving, i.e., the volume of heaved soil was 
almost the same as the volume of the penetrated cone and rod.  This means that for the 
geometric conditions adopted there may be a possible boundary effect on the test results, 
which would result in higher measured values of u.  The higher the applied vertical stress 
( 'v0) (i.e., smaller OCR), the greater the constraint on the sample and the larger the effect 
of the horizontal boundary (i.e., the wall of the model chamber) is likely to be.  For this 
reason, a smaller piezocone with a diameter of 20 mm was made and used for cases 5 to 10 
(Fig. 4.5). 
 
Table 4.2 Stress, strength and stiffness of model ground 
Test 
Cases 
Type 
of  
Soil 
Cone 
diameter 
(mm) 
Depth 
d 
(mm) 
v0 
(kPa) 
OCR 
su 
(kPa) 
Unit 
weight 
γt (kN/m
3
) 
Void 
ratio 
e 
Ir
a 
(kPa) 
R
b
 
(m) 
1 Ariake 
clay 
30 225 96 1 30 14.78 2.36 100 0.150 
2 30 225 48 2 26 14.71 2.30 100 0.150 
3 30 225 24 4 23 14.71 2.22 100 0.150 
4 30 225 12 8 20 14.71 2.50 100 0.150 
5 Mixed 
soil 
20 300 96 1 32 18.18 0.88 120 0.109 
6  20 300 48 2 27.5 18.15 0.95 120 0.109 
7 20 300 24 4 24 17.95 0.93 120 0.109 
8 20 300 12 8 21 18.15 0.93 120 0.109 
9 20 300 48 1 19 17.76 0.99 80 0.089 
10  20 300 48 4 41 18.83 0.82 150 0.122 
a 
Assumed
 
 and  
b
 Calculated 
 
It can be seen that, for cases 5 to 10 using the mixed soil, there is a better agreement 
between the predictions and measurements except at point P1 (Figs. 4.3.(a-c) and 4.4.(b)). 
For the conditions adopted in a horizontal slice, the outward displacement caused by the 
penetration of the cone for 20 mm diameter is equivalent to about 0.17% of the volume of 
62 
 
the original sample. This values are less than the value for the cone of 30 mm diameter. 
For cases 5, 6, 7 and 10, at the location P1, the measured values of u are significantly lower 
than the predicted values. It is considered that the measured values of u at this locations is 
not reliable, and as described in the previous chapter that the reason is the P1 location is 
very close to the cone face (about 10 mm), penetration of the cone pushed P1 location 
moving down, i.e., away from the intended level (cases 5, 6 and 7). For case 10, penetrated 
depth of the cone was not reached the exact level of the piezometers. 
 
 
Fig. 4.2 Simulated initial u distribution with radial distance from the cone of cases 1 to 4 
(Ariake clay) 
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(a) Case-1 (b) Case-2 
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(c) Case-3 (d) Case-4 
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OCR=8 
v0 = 12 kPa 
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Fig. 4.3 Simulated initial u distribution with radial distance from the cone of  
cases 5 to 8 (mixed clay) 
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(a) Case-5 (b) Case-6 
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(c) Case-7 (d) Case-8 
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(a) Case-9 
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(b) Case-10 
Fig. 4.4 Simulated initial u distribution with radial distance from the cone of cases 9 and 10 
(mixed clay) 
 
Fig. 4.5 Effect of the horizontal boundary for 30 mm and 20 mm diameter cone 
OCR=1 
v0 = 48 kPa 
OCR=4 
v0 = 48 kPa 
65 
 
 
4.5 Pore pressure dissipation curves  
 
4.5.1 Pore pressure dissipation at piezocone shoulder 
 
         It is also worth noting that the simulated initial distributions of u for the cases 2 to 4 
and 6 to 10 ( Figs. 4.2 (b) to (d), 4.3 (b) to (d) and 4.4) show that the value of u at the 
shoulder of the cone is lower than the values in the nearby area, but due to the limited 
number of experimental measurement points, this trend cannot be directly confirmed by 
the measured data.  However, it has been checked indirectly by comparing the simulated 
and measured dissipation curves for u2, as shown in Figs. 4.6, 4.7 and 4.8.  This simulation 
was carried out using an uncoupled consolidation analysis and the finite difference 
technique assuming only outward radial drainage.  The parameters of the model soils of ten 
(10) cases for simulation are listed in Table 4.1. The coefficient of consolidation in the 
horizontal direction (ch) used in the numerical simulation was a back-fitted value are listed 
in Table 4.1.  The estimated ch values from the dissipation curves will be discussed in the 
next chapter.   
 
For all cases, the simulated dissipation curves compared very well with the measured 
data, except for  cases 1, 5 and 9 (i.e., OCR values of this cases are 1), in which case the 
simulation does not result in a non-standard dissipation curve, but the measurements do. 
From the test results (in Figs. 4.6, 4.7 and 4.8) it can be seen that the measured initial 
values of u2 for the cases using the mixed soil are less than the initial values of u2 for the 
cases of clay for the same OCR value except case 8. The measured initial values of u2 for 
the cases using the mixed soil are less than the simulated values, and the reason consider is 
that the shear induced dilatancy effect may be stronger for using the mixed soil cases. The 
measured total dissipation time for the cases of using the mixed soil is shorter than that of 
the cases using the Ariake clay providing other conditions are the same.  
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(c) Case-3 (d) Case-4 
 
 
Fig. 4.6 Simulated piezocone dissipation curves of cases 1 to 4 (Ariake clay) 
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(a) Case-5 (b) Case-6 
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Fig. 4.7 Simulated piezocone dissipation curves of cases 5 to 8 (mixed soil) 
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(b) Case 10 
Fig. 4.8 Simulated piezocone dissipation curves of cases 9 and 10 (mixed soil) 
 
4.5.2 Pore pressure dissipation at piezometer locations 
 
        The simulated and the measured dissipation curves of the piezometers at P1, P2 and P3 
of all cases are compared. The comparisons of the simulated and the measured dissipation 
curves for cases 2, 3 and 7, 8, 9 are shown in Figs. 4.9 and 4.10 respectively. There are 
considerable discrepancies between the measured and simulated dissipation curves, while 
for P1 of Cases 2, 8 and 9, P2 and P3 of Case 7, the comparison can be judged as good or at 
least fair. One of reasons considered is the boundary effect (Case 2), and this effect is more 
profound for lower values of OCR.  It is noted that the measurements show an initial 
increase of u and then dissipation at P1, P2 and P3.  But the simulation does not clearly 
OCR=1 
v0 = 48 kPa 
OCR=4 
v0 = 48 kPa 
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show this phenomenon for P1 and P2 except Case 9. The reason is not very clear, but a 
possible cause may be a delay on the measured pore water pressure response.  Chai et al. 
(2013) reported similar observations from laboratory oedometer tests conducted with pore 
water pressure measurement. After applying an incremental load under undrained 
conditions a time period of about 2 hours was needed for the measured pore water pressure 
to reach more than 90% of the applied load.  Furthermore, the process involved in a 
piezocone dissipation test is not a constant total stress process.  As discussed by Fahey and 
Lee Goh (1995) and Chai et al. (2011), during the consolidation process the soil 
immediately around the cone tends to displace toward the cone, and some unloading (or 
swelling) may also occur in the soil more remote from the cone.  None of these factors has 
been considered in the numerical simulation. 
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(b) Case-3 
Fig. 4.9  Simulated dissipation curves at P1, P2 and P3 of cases 2 and 3 
OCR=4, v0 = 24 kPa 
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(a) Case-7 
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(b) Case-8 
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(c) Case-9 
Fig. 4.10 Simulated dissipation curves at P1, P2 and P3 of cases 7, 8 and 9 
OCR=4, v0 = 24 kPa 
OCR=1, v0 = 48 kPa 
OCR=8, v0 = 12 kPa 
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4.6 Discussion 
 
        The simulation process is carried out using an uncoupled consolidation analysis and 
the finite difference technique assuming only outward radial drainage. By comparing the 
simulated and measured dissipation curves, it is depicted that the initial distributions of u at 
the shoulder of the cone is lower than the values in the nearby area. But due to the limited 
number of experimental measurement points, this trend cannot be directly confirmed by 
the measured data.   
         In simulation process initial pore pressure distribution of u are predicted by the 
proposed method, while the value of ch has been changed to result in a dissipation curve as 
close to the measurements as possible. These back fitted ch values will be compared with 
the estimated ch values from the measured dissipation curve in the next chapter.   
  
 
4.7 Summary 
 
  Dissipation process is strongly influenced by the cone penetration induced initial 
excess pore water pressure u distribution around the cone. The proposed methods for 
predicting the initial u distribution and analyzing the dissipation process are presented. The 
simulation results are compared with the results of ten (10) cases of laboratory model test.  
The proposed method of predicting the cone penetration induced excess pore 
pressure (u) distribution in the radial direction of the cone can capture the effect of the 
strength, stiffness, and stress history of a ground. The predicted distributions compare 
reasonably well with the laboratory measured values. However, there are some 
discrepancies. One discrepancy is that the measured data do not show the phenomenon that 
u at the shoulder of the cone is lower than that at immediately adjacent area. It is believed 
due to the limited number of piezometers used and the site of the piezometer is not small 
enough. Another discrepancy is the measured u values at piezometers P2 and P3 (away 
from the cone) for using a cone with 30 mm diameter are higher than the predicted values. 
It has been reasoned due to the boundary effect and by using a smaller cone (20 mm in 
diameter), the results has been improved a lot. Therefore, it is considered that the proposed 
simple method is useful for analyzing piezocone penetration and dissipation results. 
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For all cases, the simulated dissipation curves are compared very well with the 
measured data, while for the cases with OCR of 1.0 (Cases 1, 5 and 9). The simulated 
dissipation curves are standard ones, but the measurements do show a slight non-standard 
form. By comparing the simulated and the measured dissipation curves, it is indirectly 
confirmed that the cone penetration induced excess pore pressure is lower at the shoulder 
of the cone than that in a nearby area. 
The simulated dissipation curves of u at the locations of the piezometers P1, P2 and P3 
showed some considerable discrepancies with the measured curves. One of reasons 
considered is the boundary effect (Case 1 and 2), and this effect is more profound for lower 
values of OCR (more confinement).  It is noted that the measurements show an initial 
increase of u and then dissipation at P1, P2 and P3.  But the simulation does not clearly 
show this phenomenon for P1 and P2 location except Case 9.  
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CHAPTER FIVE 
METHODS FOR EVALUATING COEFFICIENT OF 
CONSOLIDATION FROM UCPT TEST RESULTS 
 
 
5.1  Introduction 
 
          The methods for evaluating coefficient of consolidation (ch) from piezocone 
dissipation tests are based on the dissipation curves of u2. In this study, when the measured 
pore water pressure (u2) reduces monotonically, the dissipations curve is designated as the 
“standard” curve (e.g., Baligh & Levadoux 1986; Teh & Houlsby 1991). When the 
dissipation starts, there is an increase of u2 initially, and then reduces, which is designated 
as “non-standard” curve. (e.g., Sully et al. 1999; Chai et al. 2012a). In this chapter, 
estimated coefficient of consolidation (ch) from laboratory dissipation test results of ten 
(10) cases of using the Ariake clay and the mixed soil are presented.  The tests were 
conducted to investigate the effect of overconsolidation ratio (OCR) on piezocone 
dissipation curves as well as the applicability of existing methods for evaluating ch value 
from the test results. Firstly, ch value estimated from the laboratory test result (uCPT) are 
presented, and then the estimated ch values are compared with the values of ch back 
evaluated by fitting the measured dissipation curve using simulated dissipation curve. 
Finally the estimated ch values  are compared with the vertical coefficient of consolidation 
(cv) from the laboratory oedometer test results.  
  
 
5.2 Evaluation of Coefficient of Consolidation from Laboratory Piezocone Test 
Results 
 
        It is suggested that the coefficient of consolidation (ch) of the soil in the horizontal 
direction (ch) is calculate by the methods of Teh and Houlsby (1991) for a standard 
dissipation curve.  
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t
                                                       (2. 16 bis) 
where T
*
 = modified time factor. For pore pressure sensor located at the shoulder of the 
cone, at 50% degree of consolidation T
*
 = 0.245. Ir = rigidity index = G / Su, where G is the 
shear modulus.  
Chai et al.’s (2012a) method (t50c method) and t method (Sully et al. 1999) are used 
for estimating the value of ch for non-standard dissipation curves.  The basic idea of t50c 
method is to correct the measured time taken for the excess pore water pressure to dissipate 
from its maximum value to 50% of the maximum value, t50.  The correct time is defined as 
t50c, and then this value of t50c is used in the equation proposed by Teh and Houlsby (1991) 
instead of t50 to calculate the value of ch. The equation proposed by Chai et al. for 
evaluating t50c is as follows:  
 
                     
50
50 0.67 0.3
max
50
1 18.5
200
c
u r
t
t
t I
t
                                                       (2.17 bis) 
 
where tumax is the time for measured excess pore pressure to reach its maximum value. And 
the t method is extrapolating u verses t  curve after the peak u value to the time origin 
to estimate the actual initial u value.  
It is suggested that the coefficient of consolidation of the soil in the horizontal 
direction (ch) can also be estimated by back analysis of the dissipation curve for the pore 
pressure measured at the shoulder of the cone, u2.  The back fitted value should be a 
reliable estimate of the “true” value of ch of the soil.  As such, it proves a convenient 
reference for evaluating other proposed methods for directly estimating values of ch from 
measured dissipation curves.   
The coefficient of consolidation (ch) are estimated from ten (10) non-standard 
dissipation curves (i.e., u2 increased initially and then dissipated with time) of test cases 1 
to 10 (in Figs. 3.18, 3.19 and 3.20) using Ariake clay and mixed soil, and the results are 
listed in Table 5.1. The estimated values of ch from the test cases 5 to 10 of using mixed 
soil are higher than that of the cases using the Ariakey clay, when the initial vertical 
effective stress is the same (same OCR value).  
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Table 5.1 Estimating coefficient of consolidation (ch) values from dissipation test results  
Test 
cases 
Type of 
soil 
v0 
kPa 
OCR 
tumax 
min 
umax 
kPa 
t50 
min 
t50c 
min 
Ir 
ch 
m
2
/min 
1 Ariake 
clay 
96 1 0.35 128.918 83.65 60.48 100 9.10E-06 
2 48 2 0.75 93.699 79.59 47.94 100 1.15E-05 
3 24 4 1.40 73.481 107.76 59.26 100 9.30E-06 
4 12 8 0.65 52.176 83.34 52.68 100 1.05E-05 
5 Mixed 
soil 
96 1 0.45 110.078 62.37 40.19 120 
6.81E-06 
6 48 2 0.30 93.350 57.43 39.76 120 6.87E-06 
7 24 4 1.50 68.855 63.48 28.56 120 9.68E-06 
8  12 8 0.70 69.96 47.44 24.44 120 1.10E-05 
9  48 1 0.35 57.802 77.43 55.17 80 3.90E-06 
10  48 4 1.00 131.736 48.32 21.36 150 1.40E-05 
 
Table 5.2 Comparisons of ch values of Chai et al.’s method and Sully et al.’s method  
Test 
cases 
Type of 
soil 
v0 
kPa 
OCR Ir 
ch m
2
/min 
t50c method  
ch m
2
/min 
t  method 
ch (t50c method)/ 
ch ( t  method) 
1 Ariake 
clay 
96 1 100 9.10E-06 7.47E-06 1.22 
2 48 2 100 1.15E-05 8.01E-06 1.44 
3 24 4 100 9.30E-06 6.06E-06 1.53 
4 12 8 100 1.05E-05 5.87E-06 1.79 
5 Mixed 
soil 
96 1 120 6.81E-06 5.21E-06 1.30 
6 48 2 120 6.87E-06 5.17E-06 1.33 
7 24 4 120 9.68E-06 5.02E-06 1.93 
8  12 8 120 1.10E-05 6.49E-06 1.69 
9  48 1 80 3.90E-06 3.37E-06 1.16 
10  48 4 150 1.40E-05 7.76E-06 1.80 
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         t method (Sully et al. 1999) have been used to interpret ch values from laboratory  
measured non-standard piezocone dissipation curves. The comparison of estimated ch 
values from t  method and t50c method are listed in Table 5.2. It is demonstrated that 
generally, t50c method results in a higher ch value. 
 
 
5.3 Comparison of Estimated ch Values with Back Fitted Simulating ch Values 
 
The estimated values of ch from t  method and t50c method are compared with back 
fitted ch values of cases 1 to 10 are plotted in Fig. 5.1. From the test results of Cases 1 to 10 
of using Ariake clay and mixed soil, it can be seen that the estimated ch values using t50c 
method  from uCPT dissipation test results are smaller than the back fitted ch values (in 
Table 5.3).  From Fig. 5.1 it is depicted that the estimated values of ch by the method of t50c 
are more closer to the back fitted ch values than the estimated ch values using t  method. 
This comparison suggests that Eqs (2.16) and (2.17) can be used to interpret values of ch 
from measured non-standard dissipation curves. 
 
 
 
Fig. 5.1 Comparison of estimated and back fitted ch values of cases 1 to 10  
 
(ch)back fitted = ( ch)estimated  
 
 t50c method  
√t method  
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Table 5.3 Comparison of measured and back fitted ch values of the model tests 
Test 
cases 
Type of 
soil 
v0 
kPa 
OCR 
Estimated 
ch  
(m
2
/min) 
Back fitted 
ch 
(m
2
/min) 
(ch)back fitted/ 
( ch)estimated 
1 Ariake 
clay 
96 1 9.10E-06 1.40E-05 1.54 
2 48 2 1.15E-05 1.50E-05 1.30 
3 24 4 9.30E-06 1.60E-05 1.72 
4 12 8 1.05E-05 2.40E-05 2.29 
5 Mixed 
soil 
96 1 6.81E-06 1.40E-05 2.05 
6 48 2 6.87E-06 1.50E-05 2.18 
7 24 4 9.68E-06 1.60E-05 1.65 
8  12 8 1.10E-05 1.70E-05 1.54 
9  48 1 3.90E-06 0.80E-05 2.05 
10  48 4 1.40E-05 2.00E-05 1.43 
 
 
5.4 Comparison of Estimated ch Values with Laboratory Measured cv Values 
        
  The estimated ch values using t50c method have been compared with the values of 
the coefficient of consolidation of the soil in the vertical direction, cv, from laboratory 
oedometer test results corresponding to appropriate initial vertical effective stress v0).  
From the test results of test cases 1 to 4, of using the Ariake clay the estimated ch values 
are about 1.3 to 3.99 times the corresponding laboratory values of cv.  The values of ch 
(estimated) /cv (oedometer) are listed in Table 5.4.  The behaviour of a remoulded clayey 
soil may be initially isotropic, but after consolidation under one-dimensional (1D) 
conditions with a pressure of 96 kPa, it is very likely to exhibit stress-induced anisotropic 
consolidation behavior.  The stress-induced anisotropy is stronger for a remoulded soil 
than an undisturbed soil sample because the remoulded soil has a weak or even no inter-
aggregate bonding (Hattab et al. 2013).  Fig. 5.2 plots the relationship between estimated ch 
(uCPT) and laboratory cv (oedometer) values of Cases 1 to 4. It can be seen that almost all 
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the data are within the range of ch = 1.3 cv  to ch = 4 cv, and a best fitted relationship is about 
ch = 2 cv (in Fig. 5.2). For undisturbed Ariake clay samples, the ratio of ch/cv is known to be 
about 1.6 (Chai et al. 2012b), and for a remoulded Ariake clay sample consolidated under 
1D condition and a pressure of 96 kPa, a ratio ch/cv of about 2.0 may be reasonable. The 
CRS tests were conducted on soil samples of laboratory test Case 2 using the Ariake clay. 
The comparison of the coefficient of consolidation of the soil in the horizontal direction 
(ch) and vertical direction (cv) are shown in Table. 5.5. From CRS test results, for the soil 
sample of Case 2, it is depicted that the value of ch is 1.49 times higher than that the value 
of cv.  Generally, it can be said that the methods adopted for estimating ch values have an 
acceptable accuracy. 
                 
Table 5.4 Comparison of estimated ch values with laboratory measured cv values  
Test 
cases 
Type of 
soil 
v0 
kPa 
OCR 
Oedometer 
cv (m
2
/min) 
Estimated 
ch (m
2
/min) 
(ch) estimated/ 
( cv)oedometer 
1 Ariake 
clay 
96 1 2.28E-06 9.10E-06 3.99 
2 48 2 3.60E-06 1.15E-05 3.19 
3 24 4 6.00E-06 9.30E-06 1.55 
4 12 8 8.10E-06 1.05E-05 1.30 
5 Mixed 
soil 
96 1 8.40E-06 6.81E-06 0.81 
6 48 2 5.22E-06 6.87E-06 1.32 
7 24 4 2.10E-05 9.68E-06 0.46 
8  12 8 8.40E-06 1.10E-05 1.30 
9  48 1 3.78E-06 3.90E-06 1.03 
10  48 4 
2.10E-05 1.40E-05 
0.67 
               
            A comparison of ch values estimated from uCPT results with cv values from 
oedometer test results of Cases 5 to 10 using mixed soil is plotted in Fig. 5.3. From Fig. 5.3 
it is depicted that almost all the data are within the range of ch = 0.5 cv  to ch = 1.3 cv, and a 
best fitted relationship is about ch = cv. It is believed that the mixed soil has no anisotropic 
consolidation behavior, and ch  cv is a strong evidence that t50c method can be used to 
estimate ch value from non-standard piezocone dissipation curves. 
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Fig. 5.2 Comparison of ch (uCPT) and cv values of case 1 to 4 (Ariake clay) 
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Fig. 5.3 Comparison of ch (uCPT) and cv values of cases 5 to 10 (mixed soil) 
 
Table 5.5 Comparison of estimated ch and cv values (from CRS test) 
Test 
cases 
Type of 
soil 
v 
kPa 
OCR cv (m
2
/min) ch (m
2
/min) (ch) /( cv) 
2 
Ariake 
clay 
48 2 1.25 E-05 1.87 E-05 1.49 
ch = 2 cv 
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5.6 Discussions 
         
         The values of coefficient of consolidation in horizontal direction (ch) of the model 
grounds have been estimated from the piezocone dissipation test results of 10 laboratory 
model tests. The method used for estimating ch value is the one proposed by Chai et al. 
(2012a). Comparing the estimated ch values with the back fitted ch values (during 
simulating the dissipation curves) indicates that the method for estimating ch value is 
reliable. 
         For the cases of using the Ariake clay, the estimated ch values are about 2 times of 
the coefficient of consolidation in the vertical direction (cv), while for the cases using the 
mixed soil (mixture of sand and clay), ch  cv . This results show that the model ground 
made of the Ariake clay has anisotropic consolidation behavior as reported by Chai et al. 
(2012b). As for the mixed soil, since 60% of soil particles by dry weight is sand, it does 
not show anisotropic consolidation behavior.   
 
5.7 Summary 
         
    The values of coefficient of consolidation (ch) are estimated from non-standard 
dissipation curves of ten (10) laboratory dissipation tests by the methods of Sully et al. 
(1999) and Chai et al. (2012a). The estimated ch (uCPT) values are compared with the back 
fitted ch values which resulted in the best fitted simulated dissipation curve to the measured 
curve, and the laboratory measured cv (oeometer) values. 
The ratio of the estimated ch values by the method of Chai et. al. (2012a) and the 
back fitted ch values (ch)back fitted/( ch)estimated is in a range of 1.30 2.29. Generally, it can be 
said that the method of Chai et al. (2012a) has an acceptably accuracy to estimate ch values 
from non-standard dissipation curves. 
In case of using the Ariake clay (Cases 1 to 4), the values of ch are within a range of 
about 1.3 to 4.0 times the corresponding values (cv) in the vertical direction from the 
oedometer test results. The best fitted relationships is ch 2cv. In case of using the mixed 
soil (Cases 5 to 10), the values of ch are very close to the values of cv. These results 
indicate that the Ariake clay has anisotropic consolidation behavior and the mixed soil 
does not. 
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CHAPTER SIX 
ESTIMATING ch AND kh FROM FIELD PIEZOCONE TEST 
RESULTS   
 
 
6.1  Introduction 
 
         Coefficient of consolidation and hydraulic conductivity are important engineering 
parameters for clayey deposit. These parameters can be evaluated by laboratory odometer 
test and/or constant rate of strain (CRS) consolidation test (i.e., Chai et al. 2012b, Jia et al. 
2013). However to obtain undisturbed soil sample is costly and the test results may not 
represent the field value because of small size of sample used (e.g., Chai and Miura 1999). 
To obtain more reliable field values in an economic way, some in-situ test methods have 
been developed. Piezocone tests (uCPT) is one of the field test methods to estimate 
hydraulic conductivity and coefficient of consolidation (e.g., Baligh and Levadoux 1980, 
Teh and Houlsby 1991). In this chapter, the established methods for evaluating coefficient 
of consolidation in horizontal direction (ch) and the existing methods for estimating the 
hydraulic conductivity in the horizontal direction (kh) have been applied to several field 
cases. These are two (2) sites in Saga, Japan, six (6) sites in Jiangsu, China, and four (4) 
other sites in USA, UK, Italy and Canada. At these sites, laboratory values of the hydraulic 
conductivity (kv) and the coefficient of consolidation (cv) in the vertical direction at certain 
depths are also available. The estimated ch and kh values are compared with the laboratory 
cv and kv values and their relationships are discussed. 
  
6.2 Piezocone Tests Results at Two Sites in Saga, Japan 
 
     In Saga plain, around the Ariake Sea in Japan, there is a clayey soil (Ariake clay) 
deposit with a thickness of about 10 to 30 m. Piezocone penetration tests as well as 
dissipation tests at several depths were conducted at two sites (TA and TB) in Saga plain, 
as shown in Fig. 6.1. For the both sites laboratory consolidation test results using 
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undisturbed soil samples retrieved from boreholes adjacent to piezocone test locations are 
also available. At the both sites, the piezocone used had a diameter of 35.7 mm (cross-
section of 1000 mm
2
), an apex angle of 60º, and the filter element for pore water pressure 
measurement at the shoulder of the cone. The filter element was boiled in water to remove 
the trapped air bubbles and kept in water during the day prior to the field tests, and 
assembled underwater at the field just before the start of the test. The rate of penetration 
was 20 mm/sec.  
 
 
Fig. 6.1 Locations of the piezocone test site in Saga, Japan 
 
(a) Test results at TA site 
 
   The TA Site is at the toe of a river embankment (Chai et al. 2004).  At this site, the 
thickness of soft clay soil is about 12-14 m. The top crust is about 2.0 m thick and is in an 
apparent overconsolidated state. Below it, the soil is slightly overconsolidated. There is a 
borehole (BH) adjacent to the piezocone test points (Fig. 6.2). Figure 6.3 shows some 
physical and mechanical properties of the soils retrieved from the borehole. The range of 
laboratory values of cv and kv indicated in the figure are for consolidation stresses 
(measured with an odometer) from 4.9 kPa to 1254 kPa. Ariake clay is a sensitive and 
highly compressible clay. For most cases the plasticity index is about 50 and the natural 
water content is greater than 100%, slightly higher than the corresponding liquid limit.  
    As shown in Fig. 6.2, six piezocone penetration tests were arranged in three pairs, and 
each pair involved a continuous penetration test (Test point TA 1-1, 2-1 and 3-1), and a 
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separate test that paused at about 1.0 m intervals to measure the dissipation of excess pore 
water pressure generated during the preceding penetration (Test point TA 1-2, 2-2 and 3-
2).   At the test site, the elevations of three pairs of the tests are different. In Figs. 6.3 and 
6.4, the depth is defined by taking the ground surface at the BH location with an elevation 
of 0.80 m as 0. Although the elevations at TA 1-1, TA 2-1 and TA 3-1 are higher than that 
at the BH location, the piezocone readings were taken only when the cone entered the 
original natural soil deposit. In Fig. 6.4, the sections above elevation 0.80 m are not shown. 
Corrected tip resistances (qt), total pore water pressures (u) and sleeve frictions (fs) for tests 
TA 1-1, TA 2-1 and TA 3-1 are plotted in Fig. 6.4.  For the dissipation tests conducted at 
TA 3-2, there are some abnormal phenomena, and we judged that they are less reliable 
(possibly due to a measurement problem) and are excluded here. At TA 1-2 and TA 2-2, a 
total of 25 dissipation tests were conducted. However, the dissipation tests at the depth of 
2.01 m at TA 1-2, and at the depth of 2.96 m at TA 2-2 are excluded. TA 1-2 and TA 2-2 
were on the berm of the river embankment, and due to the embankment loading induced 
settlements, the two depths may be near the interface between the original ground surface 
and the embankment fill material, and the data are judged as unreliable. The ground-water 
level was about 0.8 m below the ground surface at the BH location. Figures 6.5 (a) and (b) 
show some of normalized field excess pore pressure dissipation curves at TA 1-2 and TA 
2-2, respectively. The normalization is made using the following equation: 
                                                
0
max 0
( )u t u
U
u u
                                                               (6.1) 
where u(t) = total pore water pressure at time t, umax = maximum measured total pore water 
pressure, and u0 = the in situ equilibrium pore water pressure at the depth of interest. 
 
Fig. 6.2 Plan layout of field tests at TA site (after Chai et al. 2004) 
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Fig. 6.3 Some physical and mechanical properties of Ariake clay at the TA site 
 
     Most reported non-standard excess pore water pressure dissipation curves have been 
for heavily over-consolidated clayey deposits (Burns and Mayne 1998, Sully et al. 1999). 
The test results at the TA site indicate that the phenomenon can also occur in some lightly 
over-consolidated soils.  
     With the methods described in Chapter 5, for both standard and non-standard 
dissipation curves, the value of Ir is needed for calculating ch values. It has been reported 
that the Ariake clay deposits in Saga area has a ratio of E50/Su (E50 is the secant modulus at 
50% of peak deviator stress from unconfined compression tests, su is undrained shear 
strength) between 100 and 200 (Chai et al. 2005). Assuming a Poisson’s ratio of 0.5 
(undrained) and E50/Su ratio of 150, an Ir value of 50 can be obtained and it has been used 
in calculations. ch values have been calculated by Teh and Houlsby’s (1991) method for 
the standard dissipation curves, and Chai et al.’s (2012a) method for the non-standard 
curves. The calculated values are listed in Table 6.1 together with the available laboratory 
measured cv values. 
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Fig. 6.4 Piezocone penetration test results at TA site 
 
  
(a) Test point TA 1-2 (b) Test point TA 2-2 
 
Fig. 6.5 Dissipation test results at TA site  
 
     kh values have been estimated using the methods of Baligh and Levadoux (1980) (Eq. 
(2.18)), Robertson (2010) (Eqs. (2.23) and (2.24)) and Chai et al. (2011) (Eq. (2.30)), and 
are listed in Table 6.2. In Tables 6.1 and 6.2, the cv and kv values were interpolated from 
oedometer test results using in-situ vertical effective stress, σ'vo, estimated at the depth 
where the sample was retrieved.  
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(b) Test results at TB site 
 
   Two piezocone test locations were arranged adjacent to a borehole (approximately 2.0 
m apart) at this site. At one location continuous penetration was carried out (Test TB-1) 
and at another location the piezocone was halted at about 1.0 m intervals to measure the 
dissipation of excess pore water pressures generated during the preceding penetration, and 
in total 9 dissipation tests were conducted (Test TB-2) (Ariake Sea Coastal Road 
Development Office (ASCRDO), 2008). At the site, the thickness of the soft clay deposit is 
about 17 m. The soil profile and some of the measured physical and mechanical properties 
of the soils are given in Fig. 6.6. There is a sandy clay or clayey sand layer with a thickness 
of about 4.0 m at the ground surface. Below this is an approximately 12 m thick clay layer. 
The ground-water level was about 0.6 m below the ground surface. 
 
 
Fig. 6.6 Some physical and mechanical properties of soils at the TB site 
 
      The measured qt, u and fs values from TB-1 are given in Fig. 6.7. Some of the 
normalized field excess pore water pressure dissipation curves are given in Fig. 6.8. A non-
standard dissipation response is measured only at 2.02 m depth. With the results given in 
Figs. 6.7 and 6.8, the calculated ch and kh values are listed in Tables 1 and 2, respectively. 
In the calculation, Ir of 50 has been used. 
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Fig. 6.7 Piezocone penetration test results at the TB site 
 
  
Fig. 6.8 Field dissipation test results at TB-2 
 
6.2.1 Analysis of test results at two sites in Saga, Japan 
 
(1) Comparison of ch and cv values 
 
   At the TA site, the results of laboratory consolidation test using undisturbed samples 
are available for only 3 depths, and at the TB site, the results of laboratory test are 
available for all depths of field dissipation tests. The estimated ch values and available 
laboratory measured cv values are compared in Figs. 6.9 (a) and (b) for test sites TA and TB, 
respectively. It can be seen that at the TA site, there are more points where ch values are 
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higher than the corresponding cv values. However, at the TB site, at about 2.0 to 6.0 m 
depth, ch > cv, while at other depths, cv > ch.  
 
Table 6.1 Summary of the field dissipation and laboratory consolidation test results  
Test 
site 
Test 
point 
No. 
Depth m 
tumax 
min 
umax 
kPa 
t50  
min 
t50c 
 min 
ch  cm
2/min cv  
cm2/min 
(oedometer) 
CPTu Oedometer Standard 
Non-
standard 
TA 1-2 3.01 2.40*  186.62 27.54  0.202  0.375 
 4.01   194.85 27.04  0.205   
 5.01   234.28 25.04  0.222   
 6.01  2 252.12 16.00 3.97  1.400  
 7.01   239.67 12.00  0.463   
2-2 3.96  4 175.73 29.50 7.02  0.790  
 4.96  3 197.31 28.00 7.50  0.740  
 5.96  3 209.66 25.00 6.33  0.877  
 6.96  3 218.88  19.00 4.18  1.330  
1-2 8.01 
8.40 
 262.43 13.50  0.411  
0.305 
 9.01  275.76 12.40  0.461  
2-2 7.96  251.25 18.00  0.305  
 8.96 3 277.04 16.70 3.43  1.620 
1-2 10.01   306.85 21.00  0.264   
 11.01   328.81 14.50  0.383   
 12.01   350.39  13.50  0.411   
2-2 9.96  2 301.35 21.00 5.95  0.932  
 10.96  2 324.01  21.00 5.95  0.932  
 11.96  2 349.90 22.50 6.59  0.842  
1-2 13.01 
13.40 
 349.51 5.00  1.110  
0.711 
 14.01  370.30 6.70  0.828  
2-2 12.96 2 391.87 11.50 2.40  2.310 
 13.46 2 359.61 5.40 0.74  7.480 
TB 2 2.02 1.40 0.23 65.00 12.27 6.60  0.841 1.424 
 3.17 3.40  88.00 0.47  11.895  2.639 
 4.04 4.40  116.10 0.95  5.843  1.632 
 5.31 5.40  209.10 1.73  3.202  1.222 
 7.50 7.40  200.20 12.30  0.451  0.903 
 10.50 9.40  244.90 14.73  0.377  1.757 
 13.50 13.40  308.60 13.97  0.397  0.868 
 14.50 15.40  355.80 14.97  0.371  1.840 
 17.30 17.40  441.30 18.20  0.305  1.667 
*The value is the average depth for an approximately 0.8 m long sample obtained by a thin-wall tube. 
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     It is generally accepted that laboratory tests normally underestimate the field 
coefficient of consolidation (Chai and Miura 1999), and for most natural clayey soil 
deposits, the coefficient of consolidation in the horizontal direction (ch) is larger than that 
in the vertical direction (cv) (Chai et al. 2012b). Figure 6.10 plots the relationship between 
ch and cv values. It can be seen that almost all the data are within the range of ch = cv/5 to ch 
= 10cv, and a best fitted relationship is about ch = 2cv. For undisturbed Ariake clay samples, 
the laboratory test gave a ch/cv ratio of about 1.6 (Chai et al. 2012b). ch/cv = 2, is close to 
the laboratory measured ratio. Generally, it can be said that the methods adopted for 
estimating ch values have an acceptable accuracy. As for the points where cv > ch, one of 
the possible explanations may be due to spatial variation of the soil, i.e. the soil at the 
piezocone test location may not be exactly the same as that at the borehole location. 
Another point is that the TB site is located in a serious land subsidence area, and the in-situ 
value, initial vertical effective stress, σ'vo, may be larger than that estimated assuming a 
hydrostatic static water pressure condition. With a smaller σ'vo value, a larger cv (or kv) 
value can be interpolated. However, the exact water pressure in the ground was not 
measured, and this kind of effect cannot be consider in the analysis.  
 
 
Fig. 6.9 Test results of ch (uCPT) and cv (oedometer) 
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Fig. 6.10 Comparison of ch (uCPT) and cv values at Saga sites 
 
(2) Comparison of  kh and kv values 
 
   A comparison of kh values estimated from uCPT results with kv values from 
oedometer test results are plotted in Fig. 6.11. From Fig. 6.11 (a) it is noted that at the TA 
site the values of kh, estimated  using Robertson’s (2010) method are higher than kh values 
estimated  using Chai et al.’s (2011) method, and much higher than the laboratory kv values 
for most locations (Fig. 6.11 (a)). The values of kh, estimated  using Baligh and 
Levadoux’s (1980) method with recompression ratio (RR) = 2.5 10-2. RR represents the 
value of Cs/(1+e0) or Cc/(1+e0) (e0 is initial void ratio, Cc and Cs are compression and 
swelling indexes respectively). One of the challenges of using this method is how to 
determine RR value. The estimated kh values are less than the kh values estimated  using 
Chai et al.’s (2011) method and are less than the laboratory kv values for most locations 
(Fig. 6.11). We believe that if an accurate value of RR can be estimated, Baligh and 
Levadoux’s equation can result in reasonable kh values. For the point at a depth of about 
2.2 m, the difference between kh and kv values is very large. The borehole (BH) was located 
at the toe of the river embankment, where settlement due to the embankment load should 
be much less than that under the berm where TA 1-1 and TA 2-1 were located. At a 
relative depth of about 2.0 m, the soils in the BH location and in the piezocone test 
locations of TA 1-1 and TA 2-1 are most likely different due to different settlement. For 
this reason, this point is not included in Fig. 6.12 for comparison. Although for the results 
at the TB site, it is difficult to judge which method (i.e. Baligh and Levadoux’s, 
Robertson’s or Chai et al.’s method) is better, the results at the TA site clearly show that 
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Robertson’s method is not applicable. As explained for comparing the ch and the cv value at 
the TB site, the higher interpolated kv values may be due to possible underestimation of σ'vo 
values. 
 
(a) TA site 
 
(b) TB site 
Fig. 6.11 Hydraulic conductivity from Piezocone and laboratory oedometer test results 
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Table 6.2 Summary of the results of hydraulic conductivities 
Test site 
Test 
point 
No. 
Depth 
m 
kh m/sec 
kv m/sec 
(oedometer) 
Baligh and 
Levadoux 
Chai et al. Robertson 
TA 1-1 8.40 1.009E-09 1.19E-08 1.53E-07 4.070E-09 
 2-1 8.40 7.416E-10 3.27E-09 6.52E-08 4.070E-09 
 3-1 8.40  3.40E-09 3.80E-07 4.070E-09 
 1-1 13.40 2.076E-09 2.32E-07 1.67E-07 4.029E-09 
 2-1 13.40 1.348E-08 4.39E-09 7.21E-08 4.029E-09 
 3-1 13.40  2.75E-09 6.55E-07 4.029E-09 
TB 1 1.40 1.496E-08 5.44E-08 2.20E-07 2.560E-08 
  3.40 1.506E-07 5.41E-08 1.09E-06 3.624E-08 
  4.40 5.676E-08 1.44E-08 6.41E-07 1.441E-08 
  5.40 2.332E-08 6.08E-09 1.58E-08 1.799E-08 
  7.40 2.310E-09 4.58E-09 2.27E-08 1.299E-08 
  9.40  4.20E-09 2.40E-08 2.413E-08 
  11.40  5.93E-09 1.46E-08 2.078E-08 
  13.40 1.210E-09 6.57E-09 1.55E-08 6.671E-09 
  15.40  3.18E-09 1.95E-08 1.143E-08 
  17.40 7.146E-10 1.17E-09 5.99E-08 6.131E-09 
 
 
    The relationship between kh values from Chai et al.’s method and the laboratory kv 
values is shown in Fig. 6.12. Almost all data points are within the range of kh = kv/10 to kh = 
10kv. It can be said that the kh values from Chai et al.’s method are orderly correct. For the 
clayey soil deposit in Saga plain, the laboratory measured kh/kv ratios using undisturbed 
soil samples are about 1.5 from incremental load odometer tests (Park 1994), and 1.7 from 
constant rate of strain odometer tests with vertical and radial drainage respectively (Chai et 
al. 2012b). Where for some points at the TB site, kv > kh, this may be due to possible 
underestimation of in-situ σ'vo values and then interpolated larger kv values. 
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Fig. 6.12 Comparison of kh with kv values at Saga sites 
 
6.3 Test Results at Six Sites in Jiangsu, China 
 
            Figure 6.13 shows the map of Jiangsu province, China, with the approximate 
locations of the six sites where the piezocone dissipation tests were conducted (Cai et al. 
2012). In each of the sites, undisturbed soil samples were taken at depths corresponding to 
piezocone dissipation tests. cv values from laboratory oedometer test are available (Cai et al. 
2012). Table 6.3 summarizes some of soil properties at the six sites. 
 
  
Fig. 6.13 Map of Jiangsu province, with the locations of the study areas (Cai et al. 2012) 
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Table 6.3 Summary of laboratory soil properties at Jiangsu sites, China (Cai et al. 2012) 
Sites Description 
γt  
(kN/m
3
) 
Wn WL IP Gs 
Su 
(kPa) 
OCR 
Changzhou Clay 19.4-19.9 23-25 38-39 18-19 2.74 44-52 1.0-5.8 
Lianyungang Clay 15.3-16.6 74-76 63-65 23-27 2.75 16-23 0.8-2.1 
Nanjing 
Clay, Silty 
clay and 
Mucky clay 
17.3-17.8 41-43 37-39 16-17 2.70 36-45 1.0-3.4 
Suzhou 
Clay, Silty 
clay and 
Mucky 
16.4-16.7 64-69 55-57 17-20 2.73 32-34 1.1-4.6 
Yancheng 
Clay and 
Mucky clay 
16.5-18.9 56-58 23-27 20-24 2.75 28-34 0.9-2.4 
Yangzhou Silty clay 17.5-18.2 64-73 58-60 16-18 2.72 38-40 1.5-8.7 
 
 
            Figures 6.14 (a)-(f) show normalized non-standard dissipation curves at the six (6) 
sites respectively. Table 6.4 presents a summary of the field uCPT dissipation test results 
and calculated ch values from Chai et al.’s (2012a) correcting t50 method (t50c method). In 
the calculation Ir of 50 has been assumed.  
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Fig. 6.14 Non-standard dissipation curves at test sites in Jiangsu, China 
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Table 6.4 Summary of the field dissipation and laboratory consolidation test results at 
Jiangsu sites 
Test 
location & 
T. point # 
Ground 
water 
table 
(m) 
Depth 
(m) 
CPTu & 
Oed. 
Description 
tumax 
(min) 
umax 
(kPa) 
t50  
(min) 
t50c 
(min) 
ch  
(cm2/min) 
cv 
(cm2/min) 
Oed. 
Changzhou         
Jintan-1 0.5 12.0 Clay 4.205 646.32 21.418 4.199 0.928 0.071 
Jintan-2 0.5 13.0 Clay 2.89 384.236 25.12 6.497 0.60 0.004 
  17.0 Clay 0.150 1225.31 22.822 16.054 0.243 0.067 
Lianyungang         
Lianlin 3 0.55 5.0 Clay 1.388 138.799 23.609 8.349 0.467 0.032 
Lianlin 4 0.56 7.0 Clay 0.960 206.261 83.533 51.81 0.075 0.0072 
Nanjing          
Jinling 1 0.4 3.0 Clay 4.297 76.704 11.042 1.475 2.642 0.130 
  5.5 Clay 0.278 119.318 1.01 0.164 23.698 0.330 
Pokou1 1.4 6.0 Mucky 
clay 
0.638 130.682 5.192 1.299 3.00 0.507 
  17.0 Silty clay 0.122 236.449 0.925 0.224 17.414 0.938 
Suzhou          
Husuzhe 2 0.5 4.0 Muck 2.846 101.45 26.06 6.895 0.565 0.0096 
  18.0 Silty clay 1.641 918.413 9.817 2.097 1.859 0.015 
Yancheng         
Huaiyan 1 0.6 3.0 Mucky clay 0.378 99.016 4.253 1.248 3.124 0.154 
  4.0 Mucky clay 0.186 130.228 1.411 0.341 11.436 0.388 
  8.0 Mucky clay 0.374 239.314 45.358 30.437 0.128 0.015 
Yangzhou         
 Baoying 2 0.45 14.45 Silty clay 0.137 605.191 0.788 0.164 23.711 0.0396 
 Baoying 3 0.45 17.80 Silty clay 0.104 678.773 2.004 0.748 5.212 0.078 
 Baoying 6 0.45 13.80 Silty clay 0.188 888.055 2.999 1.030 3.784 0.028 
 
 
6.3.1 Comparison of ch and cv values at test sites in Jiangsu, China 
 
           Comparisons of the values of ch from t50c method and laboratory cv values are 
plotted in Fig. 6.15, for six (6) sites in Jiangsu, China. For almost all cases, ch > cv. The 
data from Jiangsu, China are more scatter and the values of ch are about 3~100 times of the 
corresponding cv value, with an average ch/cv ratio of about 20 (Fig. 6.15).  
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Fig. 6.15 Comparisons of ch and cv (Oedometer) values at Jiangsu, China 
 
6.4 Test Results at Other Sites 
 
        The results of four (4) field cases, Canon’s Park; UK (Bond and Jardine 1991), St. 
Lawrence Seaway; N.Y. (Lutenegger and Kibir 1987); Taranto, Italy (Battaglio et al. 1986) 
and University of British Columbia test site (Sully et al. 1999) with non-standard 
dissipation curves are summarized in Table 6. 5. The corresponding normalized dissipation 
curves are shown in Fig. 6.16. 
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Fig. 6.16 Non-standard dissipation curves at others test sites (Chai et al. 2012a) 
 
ch =20 cv 
98 
 
Table 6. 5 Field dissipation and laboratory consolidation test results at four sites 
 
No Site 
Depth 
(m) 
 
Diameter 
of cone 
(mm) 
umax 
(kPa) 
Ir OCR 
ch  
(cm2/min) 
cv 
(cm2/min) 
Oed. 
References 
1 
Londone clay 
at Canon’s 
Park, UK 
5.70 102.0 377.6 100 14 0.408 
0.012-
0.018 
Test data from 
Bond and 
Jardine (1989); 
Burns and 
Mayne (1998) 
 
2 
Crust of soft 
clay at St. 
Lawrence 
Seaway, 
N.Y. 
6.10 35.7 291.2 50 3.5 1.032 0.15-0.48 
Lutenegger and 
Kibir (1987); 
Burns and 
Mayne (1998) 
 
3 
Cemented 
clay, Taranto, 
Italy 
9.00 35.7 1693.8 200 26 1.032 0.06-0.15 
Battaglio et al. 
(1986); Bruzzi 
and Battaglio 
1987: 
Burns and 
Mayne (1998) 
 
4 
Strong pit 
clay, 
University of 
British 
Columbia 
test site 
6.65 35.7 1261.1 200 4.0 0.630 
OC:0.12-
0.3 
NC:0.042-
0.06 
Sully et al. 
(1999) 
 
 
6.4.1 Comparison of ch and cv values  
 
           In Tables 6.5, it is shown that ch values estimated by t50c method and laboratory cv 
values. The comparisons of the values of ch from t50c method and laboratory cv values are 
plotted in Fig. 6.17. For almost all cases, ch > cv and ch is about 3 to 30 times of cv. 
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Fig. 6.17 Comparisons of ch and cv (Oedometer) values at other four (4) sites 
 
 
6.5 Discussion 
 
          The values of coefficient of consolidation (ch) and hydraulic conductivity (kh) are 
estimated from uCPT and dissipation tests at two (2) sites in Saga, Japan, six (6) sites in 
Jiangsu, China and four (4) other sites in USA, UK, Italy and Canada. For Saga cases ch 
values are measured by using Teh and Houlsby’s (1991) method for standard dissipation 
curves and Chai et al.’s (2012a) method for non-standard dissipation curves. The estimated 
ch values are compared with the values of laboratory coefficient of consolidation (cv). The 
values of hydraulic conductivity kh are estimated from the methods of Baligh and 
Levadoux (1980), Robertson (2010) and Chai et al. (2011). The estimated values of kh 
reveal that, the method of Chai et al. (2011) are more appropriate than other methods. 
 
 
6.6 Summary 
 
        The test results of field piezocone penetration, dissipation tests and laboratory 
consolidation tests using undisturbed soil samples for two (2) sites in Saga, Japan, six (6) 
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sites in Jiangsu, China and four (4) other sites  in USA, UK, Italy and Canada have been 
described.  
         For two (2) test sites in Saga, Japan, the values of the coefficient of consolidation in 
the horizontal direction (ch) are estimated by Teh and Houlsby’s (1991) method for 
standard dissipation curve and Chai et al.’s (2012a) method for non-standard dissipation 
curves (measured excess pore water pressure (u2) initially increases and then decreases) 
and estimated ch values are compared with the coefficient of consolidation in the vertical 
direction (cv) values (oedometer). The estimated values of hydraulic conductivity in the 
horizontal direction (kh) by the method of Chai et al.’s (2011) from the piezocone test 
results have been compared with the laboratory hydraulic conductivity (kv) in the vertical 
direction. The values of both ch and kh are within a range of 1/10 to 10 times the 
corresponding laboratory cv and kv values. The best fitted relationships are ch 2cv and 
kh kv. For Ariake clay deposits in Saga, Japan, the laboratory measured ch/cv and kh/kv 
ratios are 1.5 to1.7. Further considering that the field values of ch and kh are higher than 
that of laboratory values, the value of ch/cv  2 is quite reasonable. However, kh/kv 1.0 
seems lower, and it may be due to possible underestimation of in-situ vertical effective 
stress (σ'vo), which leads to a higher interpolated kv value.   
            The values of ch have been estimated from non-standard dissipation curves by Chai 
et al.’s (2012a) method at six (6) test sites in Jiangsu, China and four (4) other sites in 
USA, UK, Italy and Canada. The estimated ch values are compared with the laboratory 
measured cv values. It is shown that, the ch values are higher than cv values with ch/cv ratios 
of about 3 to about 100. The data from six (6) sites in Jiangsu, China show higher ch/cv 
ratios which indicates that the deposits may have higher anisotropic consolidation 
behavior.  
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CHAPTER SEVEN 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
7.1  Conclusions 
 
         This study focused on estimating field coefficient of consolidation from piezocone 
dissipation test through laboratory model tests, theoretical analyses and numerical 
simulations. Based on the laboratory test and analysis results a new method for estimating 
piezocone penetration-induced excess pore water pressure (u) distribution in radial 
direction has been established. Then with the predicted u distribution, uncoupled 
dissipation analysis were conducted using finite difference method. Comparing the 
dissipation results of analysis and laboratory measured values, the suitable methods for 
estimating coefficient of consolidation from the result of piezocone dissipation test are 
recommended.   
 
7.1.1 Laboratory model test and results 
 
           (1) Model test. Two types of piezocone were used in the laboratory tests. One 
piezocone has a diameter of 30 mm with a cone tip angle of 60˚. Another type has a 
diameter of 20 mm with a cone tip angle of 60˚. The filter element for pore water pressure 
measurement was installed on the shoulder of the cone (u2). The penetration rate adopted 
was 25 mm/min. The laboratory model ground was prepared in a cylindrical container 
(chamber) made of PVC and has an inner diameter of 0.485 m and a height of 1.0 m. Three 
(3) to seven (7) piezometers were placed in the model ground in the chamber to measure 
the cone penetration induced excess pore water pressures around the cone and their 
dissipation process. A pre-determined air pressure (50 – 200 kPa) was applied to pre-
consolidate the model ground.  Once the degree of pre-consolidation was more than 90%, 
the air-pressure was adjusted to result in a model ground with the desired over-
consolidation ratio (OCR). After pre-consolidation, the thickness of the model ground was 
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about 0.60 m to 0.64 m. The piezocone was penetrated into the model ground at a depth of 
about half of the thickness of the model ground and then the cone was halted for 
dissipation test. During piezocone penetration and the subsequent dissipation process, the 
tip resistance and pore water pressures at the shoulder of the cone and piezometers in the 
model ground were monitored using a computer through a data logger.  
             (2) Soil used. Ariake clay and mixed soil (60% of sand and 40% of clay) were 
used. The values of OCR adopted was 1 to 8. 
    (3) Test results.  
 Pore pressure distribution. The initial value of u reduces with radial distance. 
Generally the initial values of u increased with the increase of the initial vertical effective 
stress ( 'v0) for a given value of OCR and increased with the increase of the value of OCR 
for a given 'v0. 
 Pore pressure dissipation. All measured dissipation curves are non-standard, 
i.e., u2 increased initially and then dissipated with time. The time (tumax) for u2 to reach its 
maximum value (umax) for the cases using the mixed soil is higher than that of the Ariake 
clay, which means the mixed soil had stronger dilatancy behavior. The mixed soil has a 
higher coefficient of consolidation, and shorter dissipation time than that of the case using 
the Ariake clay. 
  
7.1.2 Predicting dissipation curves 
 
            (1) Prediction method for initial pore water pressure distribution. A semi-theoretical 
method is proposed to predict the cone penetration induced excess pore pressure (u) 
distribution in the radial direction of the cone.  The method considers the effects of 
changing of total mean stress; the changing of shear stress; and the partial unloading effect 
in the vertical direction on u distribution. The proposed method considers the effect of the 
strength, stiffness, and stress history of a ground.  
    (2) Dissipation analysis and comparison with the model test results. With the 
predicted initial u distribution, dissipation analysis was conducted using finite difference 
method. Generally the simulated dissipation curves are compared very well with the 
laboratory measured ones, while for the cases with OCR of 1.0 the simulated dissipation 
curves are standard ones, but the measurements do show a slight non-standard form.  
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7.1.3 Estimating ch from dissipation test results 
 
(1) Recommended methods. It is recommended that for standard dissipation curve, 
using Teh and Houlsby’s (1991) method, and for non-standard curve, using Chai et al.’s 
(2012a) method to estimate coefficient of consolidation (ch) of a ground in the horizontal 
direction.   
(2) Laboratory model test results. For Ariake clay, the values of ch are within a 
range of about 1.3 to 4.0 times the corresponding coefficient of consolidation (cv) in the 
vertical direction from oedometer test results, and the best fitted relationship is ch 2cv. 
For clayey soil due to the platelet shape of the soil particles, for a natural deposit usually 
there is some kind of anisotropic consolidation behavior, i.e., ch > cv. For natural 
undisturbed Ariake clay sample ch/cv 1.6 (Chai et. al. 2012b). Therefore  ch 2cv is 
reasonable. For laboratory model test using the mixed soil, the estimated values of ch are 
very close to the values of cv.  
(3) Field cases. For two (2) test sites in Saga, Japan, six (6) test sites in Jiangsu, 
China and four (4) other sites in USA, UK, Italy and Canada, the values of ch/cv ratios 
varied from about 2 to about 100. The cases in Saga, Japan have a lower ch/cv value of 
about 2, and the cases in China have relative higher, ch/cv values, which implies that the 
soil deposits in China may have a stronger anisotropic consolidation behavior. 
 
7.2 Recommendation for Further Research   
    
(1) Three dimensional (3D) cone penetration induced pore water pressure (u) 
distribution and its effect on u2 (shoulder of the cone) dissipation process. In this study, the 
most measurements of u distribution are focused on the radial direction. However, at 
around the tip of the piezocone, u distribution is a 3D phenomenon, and further research on 
this issue is needed. 
(2) Numerical investigation of piezocone penetration and dissipation process. 
In laboratory tests, the cases can be investigated and the points where the pore water 
pressures can be measured are limited. For investigating the influencing factors, numerical 
analysis is a powerful tool, and it is desirable to use it for piezocone penetration and 
dissipation simulations.  
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